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ABSTRACT
The biological activation of hydrogen ia catalysed by 
hydrogenaaea. An underatanding of the mechanism by which 
hydrogenaaea act requirea the elucidation of the nature and 
type of netal centers present in the enzymes. Room 
temperature OV-visible absorption, low temperature magnetic 
circular dichroism and electron paramagnetic resonance 
spectroscopies have been used to characterize the 
electronic and magnetic properties of the iron-sulfur and 
nickel centers in hydrogenaaea from 
Efisteuriaqua, Melhanokgct&EiJMI thermoautotrophicum. and 
Desulfovibrio gjgas. In addition, another Ni-containing 
enzyme, carbon monoxide dehydrogenase from 
thermoao«-M nim. and Ni-substituted gjgas rubredoxin were 
investigated.
The results provide evidence for the presence of 
conventional ferredoxin-type [4Fe-4S] centers in the 
bidirectional and uptake Fe-only bydrogenases from C. 
pasteuriennm. They also indicate that the hydrogen 
activating sites in these enzymes are novel Fe-S clusters 
that differ in both their magnetic and electronic 
properties from those characterized thus far.
Spectroscopic studies of thermoautotropbione and D. 
gjgas bydrogenases have facilitated characterization of the 
type and properties of multiple Fe-S centers in these 
enzymes. In addition, low temperature MCD spectroscopy is
xii
shown to be uniquely capable of investigating and 
characterising the electronic transitions associated with 
paramagnetic Ni in bydrogenases. Evidence is presented to 
show that a monomeric Hi center is the active site in these 
bydrogenases and that four different paramagnetic Ni 
species can be observed during the activation cycle. The 
role and redox states of Ni in the catalytic mechanism are 
discussed in light of the spectroscopic investigations. It 
is proposed that the hydrogen binding site is a Ni(III) 
center that undergoes a redox change upon photolytic 
cleavage of the Ni-H bond at low temperatures.
Spectroscopic studies of the metal centers in C. 
thera<~>”<"*«*t^ fni111^ 00 dehydrogenase show the presence of
multiple [4Fe-4S] clusters in addition to a novel cluster 
which could be a nixed Ni-Fe-S cluster. Low temperature MCD 
studies of Ni-substituted JL. gjgas rubredoxin reveal the 
electronic and magnetic properties that should be expected 
for Ni(ll) in a biological tetracoordinated S rich 
environment.
xiii
INTRODUCTION
In 'the present energy oriels, the search for alternate 
energy sources, in particular the conversion of solar 
energy into chenical energy has been of crucial importance. 
Hydrogen constitutes an alternative energy source which has 
several advantages over other possible fuels, since it is 
non-toxic. non-polluting. and has a large heat of 
combustion. In nature, hydrogen is produced by many 
anaerobic microorganisms and at the same time is consumed 
by various groups of bacteria. The biological activation of 
hydrogen is catalysed by ensymes called bydrogenases.
After the discovery of the photoproduction of hydrogen 
by the coupling of hydrogenase with chloroplaats. the 
interest in the study of hydrogens se s has increased 
significantly, and research has been oriented to the in 
vitro production of hydrogen, catalysed by either an 
hydrogenase or by synthetic models of the active site. 
However, in order to construct suitable models of the 
active site, the elucidation of the mechanism of action of 
hydrogenases is essential. Characterising the nature of the 
redox active metal centers is a necessary prerequisite for 
this endeavor.
Iron-sulfur clusters have been found to be structural 
components of all hydrogenases. Kven though their major 
role in biological systems is that of electron transfer, 
the clusters seem to constitute the active site for the
xiv
catalytic activity of bom hydrogaaaBes. In addition* 
nickel has been recently recognised as a component of 
several uptake hydrogenases and is also believed to be 
involved in the active site of the ensyMS. A better 
knowledge of the role of nickel in hydrogenases requires 
the assignment of the oxidation states and coordination 
environnent, as well as the possible interactions among the 
redox centers in the enzymes.
Since X-ray structure determination is at present 
impractical, investigation by a range of mutually 
complementary spectroscopic techniques is necessary to 
obtain structural information concerning the Mtal centers. 
Several spectroscopic techniques* such as Mdssbauer, EFR, 
ENDOR* have been used to obtain information about the 
electronic and magnetic properties of the Mtal centers in 
hydrogenases. Low temperature magnetic circular dichroism 
constitutes an alternative optical technique to probe 
electronic and magnetic properties of Mtal centers in 
biological systems. In particular, the technique is well 
suited to the study of paramagnetic chromophores and has 
been widely applied to study iron-sulfur clusters in 
several different proteins. Low temperature MCD has several 
advantages over other conventional spectroscopic techniques 
in that it is applicable to all paramagnetic chroMphores* 
it is not restricted to iron* and can selectively monitor 
the optical transitions from a particular paramagnetic 
metal center in a multicomponent system. Electron 
paramagnetic resonance spectroscopy has been used for a
xv
long tine in the study of aetalloproteins. This technique 
has proven to be highly sensitive and selective. Moreover* 
Most of the current knowlege about the NI and Fe-S centers 
In hydrogenases has been obtained from this technique. 
However, the technique is Halted with respect to the aetal 
centers in hydrogenases, since aany paraaagnetic transition 
aetal centers do not exhibit resonance for reasons of sero 
field splitting, relaxation effects or weak spin-spin 
interaction between paraaagnetic centers.
Since the discovery of Ni as constituent of soae 
hydrogenases, two distinct types of hydrogenases have been 
identified based on their aetal coaposition: those
containing Ni as well as Fe-S clusters (Ni-oontaining 
hydrogenases) and those containing only Fe-S clusters (Fe- 
only hydrogenases). The present research was undertaken to 
provide additional inforaation concerning the aagnetic and 
electronic properties of the Fe-S and Ni centers in both 
types of hydrogenases. Rooa teaperature DT-visible
absorption, low teaperature MCD and EPR spectroscopies were 
used to study the aetal centers in Fe-only hydrogenases 
froa . Clostridium nasteurianum. and Ni-containing
hydrogenases froa Desulfovibrlo gigs5 and tfftt^^bacteriia 
thernpfmMryphiCTB.
Prior to the coaaenoenent of this work, low 
teaperature MCD had not been applied to the study of Ni in 
any biological systea. Therefore, in the hope to gain a 
better insight into the electronic and aagnetic properties 
of Ni, another Ni-containing ensyae, the carbon aonoxide
xvl
dehydrogenase fron 
substituted rubredoxin were also investigated.
and a Ni-
xvii
1.0 BACKGROUND
1.1 SPECTROSCOPIC TECHNIQUES
1.1.1 OV-VISIBLE ABSORPTION SPECTROSCOPY
Electronic absorption spectra originate froa the 
promotion of electrons froa the ground state to an 
electronic excited state. The theory of electronic 
absorption spectroscopy is well developed and several good 
reviews are available, therefore it will not be considered 
here. Instead, only soae aspects of interest concerning 
transition aetal coordination compounds will be discussed.
For transition aetal eleaents, electronic absorption 
bands are observed in the ultraviolet, visible, and near 
infrared regions of the spectrum. The transitions observed 
for transition aetal coaplexes can be easily explained by 
crystal field theory or, even better, by ligand field 
theory (1-4). The transitions arising froa transition aetal 
coaplexes are usually of two types: i) ligand field or d-d
transitions, which are aainly localised in the transition 
aetal ion and are usually broad and weak, and ii) charge 
transfer transitions, which involve dlsplaoeaent of charge 
between the aetal Ions and the ligands, and are usually 
stronger and localised at higher energy than the d-d 
transitions.
The selection rules that control electronic 
transitions can be suaaarised as (2):
1
21- The transition dipole soaent integral aust be non aero 
in order to observe the transition.
2- Only transitions between states of the sane spin 
multiplicity are allowed.
3- For oentrosymmetrio structures, only g— >u or u— >g 
transitions are allowed.
4- Laporte'rule: electronic transitions must involve a
change in the orbital angular momentum.
5- Only one-electron transitions are allowed.
According to the above selection rules, d-d
transitions are formally forbidden. However, in transition 
metal complexes, factors such as the Jahn-Teller effect, 
spin-orbit coupling, and vibronio coupling remove the 
degeneracy of the molecular orbitals and cause some of the 
formally forbidden transitions to be allowed.
Generally, eleotrpnic absorption spectra provide great 
deal of information concerning the structure of transition 
metal compounds. Specifically in metalloproteins, they can 
provide a description of the electronic and geometrical 
structure of the metal ion site. Sometimes, they can even 
contribute to the identification of one or more of the 
ligands at the metal binding site, by comparison with model 
coaplexes (5). This work will mainly deal with iron-sulfur 
chromophores, which constitute a very important group in 
biological systems. Their electronic absorption spectra 
exhibit d-d transitions usually in the near IR region. 
However, the dominant bands in the electronic spectra, and 
the reason for their brown coloration, arise froa S  > Fe
3charge transfer bands which are generally observed below 
600 as (6). Unfortunately, the UV-visible spectra are 
usually broad and featureless and are of little diagnostic 
use in determining the nature of the Fe-S centers, 
particularly in wulticenter metalloensymes.
1.1.2 MAGNETIC CIRCULAR DICHBOISM
Plane polarised line can be considered as the sun of 
two propagating rays of equal frequency and intensity, one 
left and one right circularly polarised (Fig. 1-1 a), that 
in free space propagate with equal velocity along the same 
axis. When plane polarised light passes through an 
optically active substance, a rotation in the plane of 
polarisation occurs as a result of a difference in the 
refractive indices of left and right oiroularly polarised 
light (Fig. 1-1 b). This rotation, caused by the presence 
of chiral centers, is termed optical rotatory dispersion 
(GRD). When the effect is manifest as a difference in the 
absorption coefficients for left and right circularly 
polarised light, it is associated with natural circular 
dichroism (CD). In the presence of a longitudinal magnetic 
field, one beam is retarded with respect to the other in 
all substances i.e.. a difference in the refractive indices 
of left and right circularly polarised light is induced. 
This induction of optical activity by a magnetic field in 
all matter is known as Faraday effect, after its
4discoverer, in 1845. In regions of absorption there is a 
oonoonitant differential absorption of left and right 
circularly polarised light that introduces a field- and 
wavelength-dependent ellipticity of the resultant beam 
(Fig. 1-1 o), and gives rise to magnetic circular dichroism 
(MCD).
1.1.2.1 BASIC THEORY
The Faraday effect is closely related to the Zeeman 
effect. In the absence of a magnetic field, a state 
specified by an angular momentum J is (2J+l)-fold 
degenerate. The interaction of a magnetic field with matter 
causes a removal of the degeneracy of the angular momentum 
into its s-components, M> . The relative energies of the 
states are determined by the Lande g-factor, being the 
energy of each Zeeman component equal to gPBM) , where B is 
the magnetic field strength, and A is the Bohr magneton.
A circularly polarised photon has well defined s- 
components of angular momentum, of +1 and -1, that 
correspond to left and right circularly polarised light, 
respectively. It follows that the selection rules for 
absorption of left and right circularly polarised light are 
AM) = 4 1 ,  and AM) = -1, respectively.
Several reviews of the theory of MCD are available (7- 
12). A brief summary of the results is presented here; the 
formalism of Stephens is followed throughout, unless
5Figure 1-1. (a) Plane polarised light as a result of two
circularly polarised beans, (b) Optical activity nanifest 
as a difference in refractive indioes for left and right 
circularly polarised light. (c) Optical activity nanifest 
as a difference in absorption of left and right circularly 
polarised light.
6otherwise stated.
The calculation of the optical activity of a substance 
is generally carried out in three stages (B): i) The
observable is related to the difference in refractive 
indices or absorptions of left and right circularly 
polarised light; ii) this difference is expressed through 
Maxwell's equations in tens of the aosents induced in 
individual molecules by the electromagnetic wave; iii) the 
induced moments are calculated quantum mechanically. At 
present, MOD has replaced almost completely the measurement 
of magnetic optical rotatory dispersion (MORD) since the 
foner eliminates problems due to background rotation from 
other electronic transitions of the system and from other 
sources such as windows or solvent. Theoretical 
calculations are also easier for MCD.
For a particular electronic transition A  > J from a
ground state A to an excited state J, the MCD absorption 
corresponds to the differential absorption of left and 
right circularly polarised light (aA = Al - Ab ), and can be 
defined as
being y N ira<ial0fl • 
250hcn±
ftEjA.E) dE . i 
E
7where k ia Boltrnnnn * a constsnt, b ia the sample
concentration in moles/liter, 1 ia the pathlength, e ia the 
apeed of light, N ia Avogadro' a number, n ia the refractive 
index, and o ia the abaorption coefficient. The f refera to 
a normal iaed band ahape function which describee the
distribution of transition energies K about the abaorption 
maxinun; aA ia related to the ellipticity and can be
expressed in terms of molar ellipticity [e }■ by the
equation
The terms Ai , Bo, and Go correspond to three different 
forma of dispersion observed in MCD, connonly referred to 
as A-, B-, and C-terma. The object of studying MCD through
abaorption bands ia to obtain these terma, which can then 
be used to provide information about the nature of the 
states A and J.
In dispersion analysis, two methods can be used to 
compare the experimental results with calculated data. The 
first is the rigid-shift, or RS approxination, which 
assigns a specific band shape to each transition and 
assumes that it is not affected by the Zeeman effect. The 
second is the method of moments which uses integrated 
properties of the bands instead of the shape of the 
absorption bands for calculations; however, its use is 
limited because it requires the absorption bands under
(2)
Banalysis 'bo bo isolated from other bands.
A-tenu arise from transitions in which either the 
ground state and/or the excited state are degenerate. For 
simplicity, an atonic transition in which only the excited 
state is degenerate will be considered, e.g.. 1S — > ip
(Fig. 1-2). In the presence of a magnetic field, the energy 
levels of the excited state undergo Zeeman splitting, 
resulting in three equally spaced sublevels with lb = 
+1,0,-1, separated by gpB (Fig. 1-2 a). Absorption of left
and right circularly polarised light occurs, giving rise to
two transitions of equal intensity, according to the 
selection rules (Fig. 1-2 b). The differential absorption, 
corresponding to the MCD (Fig. 1-2 c) has the form of a 
symmetrical biphasic signal, crossing the abscissa at , 
the resonance frequency in the absence of the field. Hence, 
the A-term has a derivative shape and is independent of 
temperature. For light propagating parallel to the z- 
direction, an A-term is mathematically defined as
A,- ^[l<A„ Im.l JA>* I - kAolm J  jA>#|*]
x[<JAILz«2SslJA>'-<AaILs+2SxlAo>*] (3)
where da is the degeneracy of the state A; o and k are the 
vibronio components of states A and J, m+ and m- are the
electric dipole moment operators for right and left
circularly polarised light, respectively, such that mt = 
(1//?) (ms a imr ), and Is and Ss are the z-oomponents of the
9la l
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Figure 1-2. Origin of MCD A-tenw illustrated for an
iS -- > ip transition, (a) Energy level diagram; (b)
Absorption speotrun of left and right circularly polarised 
light; (c) MCD spectrun.
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orbital and spin angular acaentua operators, respectively. 
The supersoript 0 indicates an unperturbed state.
B-teras arise froa magnetically induced nixing of 
states which are not necessarily degenerate. The amount of 
nixing is inversely proportional to the energy separation 
of the states. Like A-teras, their intensity is independent 
of temperature. However, they exhibit absorption-shaped 
dispersion. Mathematically, B-teras can be defined as:
B o = - £  X  EAa lm .U a> - < K Klm +lAa >--<A0l m J J A> *< K Jm .lA „> -]
“  tt ( KuW
x < J o l l i + 2SilK>t>* +V  r< Aa lm  .1 J a  >*< JaIkwIKk >•-< Aalm + |JA>"< J AI m .lK|(>3 
W(J - W a*
k<KkILi*2SiIAq>*| (4)
W k-W a’ )
where W° represents the energy of the states K and A, and 
Be is the operator that takes the real part of everything 
to its right.
C-teras arise froa transitions which originate froa a 
degenerate ground state. For simplicity, a transition 
>P — > IS will be considered (Fig. 1-3). An applied 
magnetic field separates the ground state into its three 
Zeenan components, with Mi = +1,0,-1, separated by gpB 
(Fig. 1-3 a). Unlike the A-tera, the absorption of left and 
right circularly polarised light has different intensity, 
according to the Boltsaann population distribution over the 
Zeenan sublevels of the ground state (Fig. 1-3 b). The
differential absorption, corresponding to the MCD (Fig.
11
1-3 c) exhibits absorption-shaped dispersion. As the 
applied Magnetic field increases or the temperature 
decreases, the population of the lowest energy state 
increases with respect to those of higher energy, resulting 
in an increase of differential absorption of circularly 
polarised light. The net effect is an increase in signal 
intensity at lower temperatures or higher magnetic field. 
The mathematical expression that defines C-terms is:
C o = -J-  J^> I - l<Aalm+1 J A>"IHK<AalLt+2StIA„>* (5 )
C-terms are very sensitive to interactions that quench the 
ground state angular momentum, such as Jahn-Teller 
distortions, low-symmetry crystal field perturbations, and 
exchange interactions, effects that are usually present in 
transition metal centers. Therefore, C-terms constitute a 
powerful tool for the study of these systems.
For a given transition, the magnitudes of the A-, B-, 
and C-terms are inversely proportionally dependent on the 
angular frequency (<u), the line width at half-maximum 
height (r), and kT, respectively. At room temperature, when 
r * 10* om-i, kT * 200 cart, and the energy separation
between the states is *104 ear* , the A-, B-, and C-terms
are approximately in the ratio 10:1:50, respectively. As 
the line width and the temperature decrease, the A- and C- 
terms become more important, and at liquid He temperatures
12
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Figure 1-3. Origin of MCD C-tenu illustrated for an
ip -- > ig transition, (a) Energy level diagram; (b)
Absorption spectrum of left and right circularly polarised 
light; (c) MCD spectrum.
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the ratio becomes 10:1:3400, clearly showing that low 
temperature MCD is dominated by C-terms.
1.1.2.2 MAGNETIZATION CORVES
The expressions given above apply when kT is much 
greater than the energy difference between the Zeenan 
sublevels (gpB). At these temperatures, the population 
change between the Zeenan components is linear in B/T, 
according to Curie's law. As the Zeeman energy becomes 
comparable to or greater than kT, the population change 
becomes non linear with B/T. Eventually, only the lowest 
level is populated and further increase in B/T does not 
cause any population change. The system is then said to be 
saturated, and the paramagnetic center is fully magnetised. 
At this point, A- and B-terms need not to be considered 
since they are temperature independent and can therefore be 
subtracted out by extrapolation to ao temperature.
Plots of the MCD intensity, AC , as a function of the 
magnetic field and reciprocal temperature, B/T, are known 
as magnetisation or saturation curves. To a first 
approximation, magnetisation curves are only dependent on 
the ground state. Transitions arising from the same ground 
state should exhibit similar magnetisation behavior, 
provided that the ground state is not highly anisotropic, 
in which case the magnetisation behavior is largely 
dependent on the polarisations of the transitions.
Saturation theory has been developed by Schats,
14
Mowery, and Krauss (13), and the results have been applied 
to simple and well known systems (14-16). A brief summary 
of the most Important equations Is given here.
For a transition between an S = 1/2 ground state and 
an S = 1/2 excited state, the form of the magnetisation 
curve depends on both the effective ground state g-values 
and the polarisation of the electronic transition. The 
saturation expression for a randomly oriented paramagnetic 
chromophore exhibiting axial symmetry is:
where AC is the temperature dependent MCD intensity after 
correcting for any temperature independent contributions, K 
is a constant (8rr*NxlO~*/hcln 10), e is the angle between 
the molecular s-axls and the applied magnetic field, ms 
and m+ are the transition dipole moment operators for the 
molecular s- and xy-polarised transitions, respectively, 
and r = (g^icos* e + gA*sin*e J1/* .
Equation 6 is the sum of two terms, the first of which 
is the contribution to the MCD of the xy-polarised 
component, and the second is the contribution from the s- 
polarised component. This indicates that the magnetisation 
can vary as a function of the wavelength of measurement. 
However, there are three special cases in which the form of
—  = ">+f r77 co»28 >ln6 q t.nh rpB de
K \ J f " 2kT
( /
(6)
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the magnetisation curves la independent of the wavelength 
of measurement. The first case is when transitions of a 
particular polarisation dominate the spectrum, such as xy- 
polarised transitions in hemes. Then, the second term in 
eq. 6 can he neglected. The second case is when the 
symmetry of the ground state is completely isotropic, i.e.. 
g// = gx = g. Therefore, eq. 6 simplifies to
a z - ±  m +2 (i_2yrjn*v«nh s&s. (7)
K “ 3 * \ qkT
The polarisation ratio, ms/m+, attenuates the MCD intensity 
but leaves the form of the magnetisation curve unaltered. 
Eq. 7 is also applicable for analysing magnetisation data 
from S = 1/2 ground states with small g-value anisotropy. 
The third case is a ground state doublet with gi = 0 and 
£// / 0, which can arise as a result of axial sero field
splitting of non-Kramers* ground states with S > 0. In this 
case, eq. 6 reduces to
0
Inspection of eq. 8 indicates that when gx = 0 ,  all 
transitions become xy-polarised and magnetisation data are 
independent of the wavelength of measurement.
As mentioned above, eq. 6, 7, and 8 are only
rigorously valid for paramagnetic chromophores with 
isolated S = 1/2 ground states. The significant sero field 
splitting (ZFS) usually present in paramagnetic metal
16
centers with S > 1/2 ground states gives rise to low lying 
excited states that can be thermally populated over the 
temperature range of the experiment. This situation gives 
rise to "nested" magnetisation curves with data at 
different temperatures lying on separate curves. The 
theoretical analysis of such curves has yet to be reported. 
The problem is usually simplified by considering only the 
lowest temperature data* when only the lowest state is 
significantly populated. The two major approximations are 
then the neglect of field-induced mixing of sero field 
components, and the assumption that the Zeeman splitting is 
much less than the sero field splitting. The validity of 
both approximations can be assessed by evaluating the sero 
field splitting parameters from magnetisation curves by 
considering that each sero field component contributes to 
the MCD C-term proportionally to the fractional population 
of each component. The fractional population, in turn, 
depends on the absolute temperature and the energy 
separation between each doublet, according to the Boltsmann 
distribution (16-19).
Ground state g-factors can be estimated from the 
intercept value, I Cl.e. ratio of asymptotic limit of the 
curves to the initial slope) of magnetisation curves in 
certain limiting cases (14). When the ground state is 
isotropic i.e.. 8// = gx = g, I = 1/g. For a doublet arising 
from axial sero field splitting of non-Kramers* doublets in 
which gx = 0, then 8// ~ 48, I = 3/28// (8 = spin state).
17
Therefore, In certain oases, the value of S can be 
estimated from the intercept value, provided that both 
ground state rhombic distortions and field-induced mixing 
of sero field components are small.
Although the estimation of the spin state of the 
clusters studied in this work was made in some cases by 
determining the value of I, the most often applied method 
was the simulation of the experimental curves by means of 
eq. 6-8, UBing g-values corresponding to a specific spin 
state.
1.1.2.3 APPLICATIONS OF MAGNETIC CIRCULAR DICHROISM TO 
BIOLOGICAL SYSTEMS
As follows from the above discussion, MCD constitutes 
an alternative optical technique to absorption spectroscopy 
for detecting electronic excited states, since transitions 
not seen in absorption can be observed by MCD. This 
requires AA/A to be larger or of opposite sign for a weaker 
transition buried under a stronger one in an absorption 
spectrum.
In IR spectral regions, MCD can be useful in 
distinguishing electronic transitions among vibrational 
absorptions since the latter are expected to exhibit much 
smaller MCD.
MCD gives information about the symmetries, angular 
momenta, electronic splittings, and vibrational-electronic 
interactions of excited electronic states. Concerning
18
electronic ground states, the magnetisation curves along 
with the MCD temperature dependence, yield information 
about the spin state, g-values, sero field splitting 
parameters, and magnetic coupling constants.
Since biological systems usually exhibit low symmetry, 
the analysis of their MCD spectra is difficult. However, 
the characterisation of metal centers in metalloproteins 
can be made somewhat easier by comparison with model 
compounds. Once the MCD of the species involved is known, 
MCD can give quantitative information as to the number of 
such centers present in the ensymes. In addition, MCD has 
proven very effective in determining the coordination 
geometry of metals in metalloproteins (12,20,21). Heme 
proteins constitute the group most extensively studied by 
this technique, since MCD is sensitive to the redox and 
spin state of the metal centers, as well as to the nature 
of the axial ligands (12,15). Recently, MCD has found 
applications in the study of non-heme iron proteins, 
especially Fe-S clusters (14). In particular, it has been 
found to provide a valuable method for determining Fe-S 
cluster types in multicomponent ensymes. Copper-containing 
proteins such as superoxide dlsmutase and hemocyanln have 
also been extensively studied (22,23). A review of the 
applications of MCD to transition metal ions has been 
published recently (21).
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1.1.3 ELECTRON PARAMAGNETIC RESONANCE
Electron paramagnetic resonance (EFR) is a 
spectroscopic technique that probes the environment of a 
paramagnetic center by defining the sise and shape of the 
magnetic moment produced by the unpaired electron, and by 
characterising any magnetic fields which might be produced 
by the parent molecule in the vicinity of the paramagnetic 
center (24). The technique involves the reorientation of 
the magnetic moment of an electron in a strong magnetic 
field. According to the Pauli exclusion principle, it is 
only possible to reorientate the spin of an electron if it 
is unpaired, therefore EPR is restricted to ions and 
molecules with unpaired electrons. Typical examples of 
substances with unpaired electrons are free radicals and 
transition metal compounds.
The EPR spectra of transition metal compounds contain 
a great deal of information about the electronic structure 
and local environment of the paramagnets, hence EFR 
spectroscopy constitutes a very powerful tool for the study 
of metal centers in biological systems (24-26). The 
technique can give structural and physical information 
about the paramagnet under study: the geometry and redox
state of the metal, the spin state and sero field splitting 
parameters of the ground state, the covalency of the M-L 
bond, the nature of the ligands, and also quantitative 
information on the concentration of the paramagnetic
20
canter.
Several books and reviews of the theory of EPR are 
available (1,6,25,27,28). Some of the aost Important 
aspects concerning the theory of EFR in transition metal 
compounds, with emphasis in those which are relevant to 
metalloproteins are treated below.
1.1.3.1 BASIC THEORY
When a substance with unpaired electrons is placed in 
a magnetic field B, the Zeeman interaction causes a 
splitting of the energy levels corresponding to the spins, 
which align parallel or antiparallel to the applied field 
(Fig- 1~4). The Hamiltonian that describes the system is 
given by
H = gpB.S (9)
where S is the spin operator, g is the g-factor, directly 
related to the magnetogyric ratio (sometimes called 
gyromagnetic ratio), p is the Bohr magneton (eh/2mc), and B 
is the magnetic field strength.
Transitions between the energy levels characterised by 
the quantum number M», arising from the Zeeman interaction, 
can be induced by a . microwave frequency applied 
perpendicular to the magnetic field. The energy necessary 
for the transitions is given by
hi/ = E = gpBAtfa (10)
where h is Planck’s constant and v is the frequency of the 
microwave radiation. The selection rule for absorption of
21
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■icrowave radiation in EPR is Mu = * 1 - The position of the 
resonance can be calculated froa eq. 10, in terns of g, 
which Measures the ratio of the resonance frequency to the 
applied field. When the frequency is in GBs and the 
applied field, B, is in Gauss, then:
8 = 714.44^/B (11)
The value of 8 Tor a free electron is equal to 2.00232 
(27). The net absorption depends on the difference in 
population between the upper and lower states, which in 
turn is dependent on temperature, according to the 
Boltsnann distribution.
In transition metal systems, the unpaired electron is 
relatively well localised, the nucleus has a large atonic 
nunber and electronic excited states are relatively 
accesible. As a consequence, the magnetic moment contains 
an additional contribution from the orbital angular 
momentum, that reflects the ability of the unpaired 
electron to migrate from its initial orbital into other 
orbitals related to the original by rotations about a 
coordinate axis (28). The total magnetic moment will then 
have the combined contribution from both spin and orbital 
angular momenta and thus g deviates from the free electron 
value and is often strongly anisotropic. The interaction 
between the spin and orbital angular momenta is called 
spin-orbit coupling. The magnitude of the spin-orbit 
coupling is determined by the symmetry and the energy 
separation between the ground and excited states. Since the 
spin-orbit coupling depends on the molecular orientation
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relative to the applied field, a tensor is needed to 
describe the g-value. It should be emphasised that even 
when the ground state of a molecule has no orbital angular 
momentum associated with it, field-induced mixing with an 
excited state that has orbital angular momentum can lead to 
anisotropy in g. By appropriate selection of the coordinate 
system so that the crystal axes coincide with the molecular 
coordinate system, the off-diagonal contributions of the 
matrix that describes g can be eliminated, and the system 
can be defined by the diagonal g-values gii, gyy, and gxx, 
often abbreviated as gs, gy, and gz. Usually for 
metalloproteins, EFR spectra are taken in frosen solutions, 
in which the protein molecules adopt all possible 
orientations, and then the effective g-value is given by 
gatt1 - gs*ls* + gy*ly* + gs*ls* (12)
where Is*, lya, 1»* are the normalised direction cosines
between the principal axis of the g-tensor and the applied 
field. The extreme g-values are exhibited when the applied 
field lies parallel to any one of the coordinate axis, in 
which case lsa = 1 (or ly* or Is*) and the other two will 
be sero. The g-values for all other molecules will be 
intermediate between gz and g>, assuming gz < gy < gz. From 
eq. 12 it can be seen that gy is adopted not only when the 
applied field is parallel to the y axis, but also in some 
other orientations. As a consequence, the absorption in the 
y direction is more intense than in the other directions.
The orientation dependence of the g-factor has a
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significant effect on the line shape of the EPR spectrum. 
Three basic types of symmetry exist: isotropic, axial, and
rhombic (Fig. 1-5 a). In isotropic systems, g> = gy = gs 
and there is only one EFR resonance frequency. For axial 
systems, gi = gy / gi and two resonance frequencies are 
exhibited. The gs is denoted as g// whereas gt and gy are 
called gx. A rhombic system gives rise to three resonance 
frequencies, corresponding to p ,  gy, and gs. The EFR 
absorption spectra of these limiting cases are shown in 
Fig. 1-5 b. However, better resolution is obtained when the 
spectra are plotted as the first derivative of the 
absorption, as shown in Fig. 1-5 c; the g-values refer then 
to the positions of the maxima, cross-over, and minima of 
the spectra.
1.1.3.2 S > 1/2 SYSTEMS
In systems with two or more unpaired electrons, the 
degeneracy of spin states may be removed even in the 
absence of a magnetic field as a result of spin-orbit 
coupling. The phenomenon is referred to as sero field 
splitting. However, in systems with odd number of 
electrons, there exists at least a two-fold degeneracy that 
can only be removed by the application of a magnetic field, 
therefore, in principle, an EFR spectrum should always be 
observable. This rule was stated by Kramers, and hence, 
each of these doublets is called a Kramers'doublet. On the 
other hand, in systems with even number of electrons (known
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Figure 1-5. Sctwetic representation of the g-tensor and 
resultant KFR spectra for the iijiiI i j limiting eases, (a) 
Geometric shapes associated with isotropic, axial, and 
rhoabic magnetic moments; (b) Idealised absorption curves 
with a finite line width; (c) Resultant EPR derivative 
curves. Figure taken frow reference (24).
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as non-Kramers' systems), the degeneracy may be completely 
removed by a low symmetry crystal field, so that only 
singlet levels remain, separated by energies that could be 
so large that an EFR transition Is not observed In the 
microwave region.
The spin Hamiltonian that describes the sero field
splitting for systems with 8 > 1/2 Is given by
H = gpB.S + D^Ss* _ + E(Ss* - St*) (13)
where D and E are the axial and rhombic sero field
splitting parameters, respectively. It Is Important to note 
that the values of D and E are not unique but rather depend 
on which axis Is chosen as s. For completely rhombic 
symmetry, E/D = 1/3. D and E may be positive or negative 
and may have opposite signs. Their absolute signs are not 
relevant, since line positions depend only on their
relative signs. The effect of the ZFS is illustrated In 
Fig. 1-6, where the energy level diagrams and the allowed 
EFR transitions are shown for an S = 5/2 ion in a
completely isotropic symmetry (octahedral ligand field) 
i.e.. E = D = 0 (Fig. 1-6 a), in an axial symmetry with 
small ZFS I.e.. D «  hi/, E = 0 (Fig. 1-6 b), and in an 
axial symmetry with large ZFS i.e.. D »  hi/ (Fig. 1-6 o). 
If D >> hi/, only transitions between the a 1/2 states will 
be observed, and the system can be treated in terms of a 
fictitious spin S* = 1/2. A large ZFS usually occurs in 
Fe-S proteins, causing the transitions to occur usually 
within each doublet and not between then (29).
When rhombic distortions are applied to the system,
27
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Figure 1-6. Energy level diagram end EPR allowed 
transitions for an 8 = 5/2 ajrstea with the magnetic field 
parallel to the principal axis, (a) Isotropic symmetry; (b) 
Axial symmetry in a weak magnetic field (snail sero field 
splitting); (c) Axial synnetry in a strong magnetic field 
(large sero field splitting). Figure taken from reference 
(27).
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the sero field splitting parameters D and E are both non 
aero. Again, three Kramers* doublets are produced that are 
a result of linear mixing of the energy levels. Thus, 
transitions within each Kramers* doublet become allowed. In 
this case, a field and frequency dependence in the 
effective g-value is induced, and different resonances can 
be observed, as illustrated in Fig. 1-7 for three different 
orientations of the magnetic field. The intensity of the 
signal arising froa each doublet is temperature dependent, 
according to the Boltzmann population distribution, and 
this effect can be used to determine the sero field 
splitting in S > 1/2 systems.
1.1.3.3 NUCLEAR HYFERFINE INTERACTIONS
The presence of nearby nuclei which possess an 
intrinsic spin angular momentum (represented by the spin 
quantum number I) modifies the electron energy states in a 
magnetic field. The magnetic moment associated with the 
nuclear spin angular momentum causes a local magnetic field 
that will add vectorially to the magnetic field experienced 
by the unpaired electron. The interaction of an unpaired 
electron and a magnetic nucleus is called nuclear hyperfine 
interaction, and can cause splitting of certain lines of 
the EFR spectrum by a factor of 21 + 1. The hyperfine
interaction may be either isotropic or anisotropic. EFR 
transitions will be observed according to the selection 
rule sift =0. The nuclear hyperfine interaction can be
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Figure 1-7. Energy level diagram for an 8 = 5/2 ground 
state In rhoablc syanetry, for three different orientations 
of the Magnetic field. The diagrams are presented for E/D = 
1/3. The effective g-values for each doublet are given in 
the figure. Figure taken froa reference (28).
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caused either by the nucleus of the atos that contains the 
unpaired electron, or by a nearby nucleus from the ligand 
atoms that surround the metal center, in which case is 
called superhyperfine interaction.
Nuclear hyperfine interactions are usually not 
observed in Fe-S proteins, unless isotopic enrichment with 
&TFe is used, since the natural abundant isotope, 5eFe, has 
a nuclear spin of sero. On the other hand, hyperfine 
interactions can be observed for Cu proteins (**Cu and *5Cu 
have both nuclear spins of 3/2), and for Co proteins, since 
the natural abundant isotope, 88Co, has a nuclear spin of 
7/2.
1.1.3.4 SPIN RELAXATION
As mentioned previously, the fractional population of 
the levels within Erasers' doublets is governed by the 
Boltzmann distribution. Thus, for an S = 1/2 system,
fc _ exp (-gpB/kT) (14)
Tib “
where Na and Nb are the population of the upper and lower 
states, respectively. The net absorption depends on the 
population difference between both states, which is 
maintained by relaxation processes (1,30-32). For 
transition metal ions, spin-lattice relaxation (Ti) is the 
dominant relaxation process.
Spin-lattice relaxation results from interaction of 
the paramagnet with the thermal vibrations of the lattice.
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Usually, 'transition Metal complexes exhibit a very fast 
spin-lattice relaxation, due to the presence of low-lying 
excited states. Thus, as a consequence of the Heisenberg 
Uncertainty Principle,
AE A T> J L  (15)
' 2 n
which requires the line width to be inversely proportional 
to the relaxation time, transition metal complexes 
generally exhibit very broad EPR spectra. The mechanisms of 
spin relaxation can be slowed by lowering the temperature, 
which reduces the thermal motion. As a result, almost all 
paramagnetic transition metal centers in biology, including 
Fe-S clusters and Ni centers are usually studied at 
temperatures below 100 K, since at room temperature the 
signals are too broad to be observed.
However, the decrease in the spin-lattice relaxation 
time can lead to microwave power saturation if the incident 
radiation becomes sufficiently intense so that the rate of 
transitions to the upper state exceeds the rate of 
relaxation to the lower state. Thus, the intensity of the 
microwave power that can be used decreases at lower 
temperatures. In order to obtain quantitative results from 
an EPR spectrum, it must be recorded under non-saturating 
conditions. The saturation behavior can be assessed by a 
plot of the signal intensity as a function of the square 
root of the microwave power (I XB P*/*) which should give a 
straight line in the region where there is no power 
saturation. More often, a plot of log (I/P1/2) log P is
32
used to obtain the same information. Such a plot gives a 
line parallel to the abscissa as long as the signal is not 
saturated, and slopes downwards with increasing power when 
power saturation is reached. The half-saturation power, 
Pi/2 , which provides an estimate of the relaxation rate 
(30,33), can be determined by extrapolation of the two 
straight-line segments until the intersection. This 
experimental parameter indicates the incident power at 
which the signal is half as intense as it would be in the 
absence of microwave power saturation.
1.1.3.5 8PIM-SPIN INTERACTION
The local magnetic field at a paramagnetic center is 
affected by bringing it in contact with a second 
paramagnetic species. The dipolar interactions between both 
paramagnetic species affect both the line width and the 
spin-lattice relaxation time. The extent of interaction 
depends on the distance between the paramagnets. Dipolar 
coupling between the paramagnets results in broadening of 
the EPR spectrum. In some oases, splitting of the spectrum 
is. observed, which may become very complex depending on 
the anisotropy of the g-tensors. Spin-spin interaction 
sometimes results in enhancement of the apin-relaxation 
time for an individual paramagnetic center.
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1.1.3.6 QUANTITATION OF EFR SPECTRA
One of the most useful features of EPR spectroscopy Is 
that the signals can be quantified in terns of the 
concentration of the paraaagnetic species giving rise to 
the signal. Since EFR spectra are usually recorded as the 
first derivative of the absorption with respect to the 
aagnetic field, the nuaber of paraaagnetic centers can be 
calculated by double integration, which can be perfomed by 
different aethods, even when only a part of the EPR 
spectrum is available (29,34). Usually, the signal 
intensity of the saaple is coapared to that of a referenda 
recorded under identical and non-saturating conditions. The 
concentration of spins in the saaple is then related to 
that in the reference by the equation
where the subscripts r and s refer to the reference and 
sample, respectively, and A represents the area under the 
curve calculated by double integration, G is the 
spectrometer gain, C is the concentration, and g 
corresponds to the average g-factor. The area under the 
curve is calculated according to
where h is the aagnetic field interval, n is the nuaber of 
intervals, and Yi is the intensity of the EPR signal for 
the ith interval. The average g-value is equal to
(16)
(n-2i+l)Yi (17)
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When the total intensity of a spectrin is to be 
obtained from a single, isolated absorption-shaped 
component of an anisotropic signal, the area, A, of the 
isolated band is evaluated as
and Bhai corresponds to the magnetic field at which the 
maximum of the absorption band occurs. Then the 
concentration of the sample is calculated from eq. 16. This 
method can be applied provided that the line width is 
smaller than the g-value anisotropy, and is useful for 
integrations of very broad spectra and of spectra arising 
from different species whose signals overlap.
Equations 19 and 20 were used in this work to 
calculate the spin concentration of the individual EFR 
active species in SL thermoa<pTtl?WII 00 dehydrogenase and of 
the standard metmyoglobin cyanide (MetMbCN), in which the 
p  and gt absorbances are very broad, and therefore their
n
(19)
and g is given by
(20)
2
where
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intensities are very difficult to measure accurately.
1.2 HYDROGENASES
1.2.1 GENERAL PROPERTIES
Hydrogen is produced by many photosynthetic, 
fermentative, and N2-fixing species, and is consuaed by 
both aerobic and anaerobic microorganisms. The process can 
be represented by the equation
H2 9 ^  2H+ + 2e- (21)
and is catalysed by enzymes called hydrogenases, in the 
presence of electron carriers.
Hydrogenases were first discovered in 1931 in 
Escherichia coli. and 40 years later, the enzyaes were 
identified as Fe-S proteins (35). Hydrogenases froa 
different organisms exhibit a great variety of aolecular 
weights, aolecular composition, electron carrier 
specificity, sensitivity to 0 2, and cellular location. The 
only common characteristic that the enzymes show is the 
presence of at least one [4Fe-4S] center. Hydrogenases are 
found in a large number of organisms. A representative list 
is presented in Table 1-1. The list includes 
nonphotosynthetic organisms, obligate and facultative 
anaerobes, as well as Na-fixing and Ha-oxidising bacteria. 
Almost all photosynthetic bacteria have hydrogenases, as 
well as several algae.
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TABLE 1 - 1
SOME ORGANISMS THAT ARE KNOWN TO CONTAIN HYDROGENASES
ORGANISM BSESBBSUB
ANAEROBIC BACTERIA
Clostridium pasteurianum 52
Megasphera clsdenll 49
I>9&UlfgXib£i& XUlflAEiA 50
Methanobactoriun thermoautotrophicum 57
PHOTOSYNTHETIC BACTERIA
Chromatium vinosum 63
Rhodopseudomonaa capsulata 62
Thiooapsa rosaopers icina 36
Rhodospirl 1 lum mbnffl 36
FACULTATIVE BACTERIA
Escherichia coli 36
Proteus mirabilig 36
AEROBIC BACTERIA
AIsaIIasbss SHtggBbHg 61
EssHdg&s&ss AsrssinfiSA 36
NfifiAfdiA SBAfiA 64
Azotobacter YlnvlffPdll 38
fibisgblro JABQBlsim 36
CYANOBACTERIA
Anabaena cylindrica 36
Spirulina platensls 36
Nostoc muscuroum 36
EUKARYOTES (ALGAE)
reinhardil 36
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1.2.2 PHYSIOLOGICAL BOLE OF HYDROGENASES
An extensive review of the physiological role of 
hydrogenases from different organisas can be found in 
references 36-38. The roles of the ensymes in the 
metabolism of Microorganisms can be su— ariaed as:
1- Production of Ha as a means of disposal of excess
electrons. The major amount of Ha is produced under 
strictly anaerobic conditions, and is observed in 
organisms such as fermentative , facultative, and 
photosynthetic bacteria.
2- Utilisation of Ha as an electron donor for energy
generation and/or for reductive synthetic processes
under aerobic or anaerobic conditions. Different
electron acceptors are usedi depending on the type of 
organism in which the reaction takes place. A 
representative list of reactions in which Ha is used 
as a source of energy is presented in Table 1-2.
It was long believed that Ha photoproduction by 
photosynthetic bacteria was also catalysed by hydrogenase. 
However, it is now recognised that the photoevolution of Ha 
when certain amino acids are used as nitrogen source is a 
function of nitrogenase rather than hydrogenase, according 
to the reaction
Na + 8e~ + 8H+ + 16ATP --- > 2NH* + 16ADP + Ha + 16Pi (22)
Hydrogenase later acts by reoxidising the evolved hydrogen 
to recover some of the energy lost. It has also been
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TABLE 1 - 2
REACTIONS THAT INVOLVE THE USE OF HYDROGEN AS A SOURCE OF
ENERGY (36)
ELECTRON ACCEPTOR REACTION
Anaerobic conditions 
Sulfate
Carbon dioxide 
Carbon dioxide 
Sulfur 
Nitrate 
Funarate
4B2 + S04*---- > S*“ + 4HaO
4Hi + 0 0 a ---> CH« + 2HaO
4H2 + C O a ---> CHsOOOH + 2HaO
Ha + S  > HaS
5Ha + 2NOa- + 2 H +-- > Na + 6HaO
Fumarate + Ha -- > succinate
Aerobic conditions 
Oxygen 2Ha + O a  > 2HaO
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proposed that hydrogenase also acts as protector of 
nitrogenase from possible Inactivation by Oa (37-39).
In vitro, almost all hydrogenases appear to catalyse 
reaction 21 in both directions. However, in vivo, there are 
examples of preferential unidirectionality, usually in the 
direction of Ha oxidation, or Ha uptake. Hydrogenases that 
catalyse the reaction in both directions are known as 
bidirectional, whereas those that only catalyse Ha 
oxidation are called uptake. As a result, the catalysis of 
the reaction in each direction has been associated with 
different hydrogenases, which have different locations in 
the cell (37).
1.2.3 MECHANISM OF HYDROGEN ACTIVATION
Several reaction mechanisms have been proposed for 
hydrogenases, based on the available kinetic, 
spectroscopic, and isotope exchange data (40-42). From 
studies in hydrogenases from different organisms, it seems 
reasonable to assume that the mechanism of Ha activation is 
common to all hydrogenases, and that the ensyme reactions 
differ only in the way in which electrons are transferred 
to and from the catalytic center.
In the absence of electron carriers, the reaction of 
Ha with hydrogenase (E) has been postulated as (43):
Ha + E EH- H+ (23)
This heterolytic cleavage of Ha was postulated based on the 
results obtained for the exchange reaction catalysed by the
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ensyn in the presence of Ds and 100X H2O, or H2 and 100X 
DaO, in which only HD was forwed at the beginning of the 
reaction. Additional support for the heterolytic cleavage 
of Ha cane from experiments in which the conversion of para 
Ha to normal Ha (ortho/para mixture) was measured in DaO 
(43). Further experiments with this reaction in 
Desulfovibrio yulgflEjft hydrogenase (44) led to the 
modification of reaction 23 to include two distinct H- 
binding sites:
E + HH 5= ^  EHH + H+ (or EH- + H+) (24)
EH- (or EH-) EH- (or EH- ) (25)
EH- (or EH-) + D+ *■** EHD (or EDH) (26)
EHD (or EDH) E + DH (27)
EHD (or EDH) ED~ f H+ (or ED- + H+) (28)
ED- (or ED- ) + D+ EDD ^  E + Da (29)
1.2.4 ACTIVITY ASSAYS
As mentioned above, hydrogenases are known to catalyse 
the three kinds of reactions shown below (45):
1- Oxido-reduction of an electron carrier
Ha + carrier 2H+ + reduced carrier
2- Isotope exchange
3- Conversion between hydrogen modifications 
para Ha (II ) ortho Ha ( tt)
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where the arrows represent nuclear spins.
Hydrogenases can be assayed by any aethod that 
■ensures their interaction with the substrate. Hence, based 
on the above reactions, standard assays for hydrogenase 
have been developed (36.46): i) Deuterium or tritium
exchange methods; ii) Seduction of an acceptor by hydrogen; 
iii) Evolution of hydrogen from a reduced donor; iv) 
Catalysis of para conversion.
The first method is followed by analysis of hydrogen 
at intervals, for masses Ha, HD, and Da, either by mass 
spectrometry or gas chromatography. Since this method 
generally measures lower rates than the Ha-oxidising or Ha- 
evolving reactions, it is not recommended for routine assay 
and is more useful in the evaluation of the kinetics and 
mechanism of hydrogenase activity. However, although 
inconvenient, this method gives the best estimate of 
hydrogenase activity because the reaction is unaffected by 
electron carriers.
Hydrogen oxidation catalysed by hydrogenase can be 
measured manometrically, speotrophotometrically if the 
acceptor in its oxidised or reduced form absorbs at a 
suitable wavelength, or by an MensymicM electrode reaction. 
The most commonly used acceptors are methylene blue (MB) 
and bensyl viologen (BV), that have redox potentials more 
positive than the Hr electrode (-420 mV). Hydrogen 
evolution can be measured similarly to Hr oxidation, either 
manometrically, by gas chromatography, or with a Hr
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electrode, with reduced methyl viologen (MV) as electron 
carrier. To enable meaningful comparisons of hydrogenase 
activity between different organises to be aade, the 
activities are usually expressed as pmoles Ha/min.mg,
preferably under standard conditionB ie.. pH 8.0 and 30 ®C
(36).
The fourth method measures the cleavage of para Ha in 
a sample enriched in this spin isomer, and its
recombination to give normal Hi (25X para, 75% ortho) by 
determining the concentration of para Ha by thermal
conductivity (46).
1.2.5 APPLICATIONS OF HYDROGENASE
Hydrogenases and Ha are involved in three areas of
basic biochemical and economic interest: i) nitrogen
fixation, ii) photoproduction of hydrogen, and ill) complex 
fomentations of biomass to methane and other chemicals. In 
the past few years, the search for alternate energy sources
has gained serious attention, in particular the conversion
of solar energy into chemical energy. In this regard, the 
photobiological production of hydrogen has been extensively 
studied (38). The process is represented by the reaction
2BaO > 2Ha + Oa (30)
and Ab vivo occurs in cyanobacteria and green algae, or jn 
vitro using isolated plant chloroplasts and purified
hydrogenases (47). The interest in the process comes from 
the fact that the use of Ha as a fuel has several
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advantages over those commonly used, since It is non-toxic, 
easily stored, non-polluting, and its calorific value is 
about 3-tines that of methane or hydrocarbon fuels (36).
Up to the present moment, research has been oriented 
to the massive production of hydrogen froe biological 
systems, or to the chemical simulation of the la vivo 
production of Bi. Thus far, it has been found that a system 
containing a photosensitiser, an electron donor, and an 
electron acceptor can be used to evolve Hs when a suitable 
catalyst is present. In these systems, hydrogenase and 
colloidal Pt have been reported to be appropriate catalysts 
(48).
1.2.6 CLASSIFICATION OF HYDROGENASES
As mentioned previously, all hydrogenases have been 
found to be Fe-S proteins. In addition to Fe, Ni was 
recently found to be integral part of the majority of 
hydrogenases so far reported. Since hydrogenases appear to 
differ markedly in their properties, a classification of 
the ensymes according to the types of metal present seems 
appropriate. On this basis, two types of hydrogenases have 
been recognised: Fe-only hydrogenases, and Ni-containing
hydrogenases. A brief summary of the general properties of 
these two groups is presented below.
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1.2.6.1 IRON-ONLY HYDROGENASES
To date, only the hydrogenases from Megasphaera 
glgflfflBU (49), JL. YUlfl&Etft (50,51), and CloafcElfllffll 
pasteurianum (52) are known to contain Fe-S dusters as 
their only metal centers.
All Fe-only hydrogenases are extremely Oa sensitive 
and strongly inhibited by CO, which binds to the ensymes in 
a competitive way to Hx. Heavy metals, such as Hg2* and 
Zn*+ also inhibit the ensymes. The mechanism of activity of 
Fe-only hydrogenases, as well as the nature of the active 
site, believed to involve the Fe-S centers, has yet to be 
established. The spectroscopic properties of these 
hydrogenases, specifically of the bidirectional and uptake 
hydrogenases from «t»mi will be discussed later
in more detail in this work (see chapter 3).
1.2.6.2 NICKEL-CONTAINING HYDROGENASES
In early stages, Ni was not recognised as an integral 
component of hydrogenases. Initially, it was only known 
that Ni is required for the autotrophic growth of bacteria, 
some of which contain hydrogenases (53,54). Later, it was 
demonstrated that the synthesis of active hydrogenases in 
Knallgas bacteria was dependent on Ni, and that the 
activity of the enzymes was stimulated by this metal (55- 
57), and finally Ni waB demonstrated to be a constituent of 
the hydrogenases present in Kethanobaoterium
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thermoautotronhi cum (57). In recent years, this natal has 
been found in hydrogenases from L. desulfurioans (58), L. 
ElEfift (&9), Vibrio sucoinogenea (60), Aloaliaenes qufeESEblih 
(61), Khodopseudomonas capsulata (62), Qhrowetlm YlM>gfflB 
(63), and some others. Since the discovery of Hi in 
hydrogenases, the nuaber of Mi-containing hydrogenases has 
increased continuously and now the presence of Ni seems to 
be the rule rather than the exception. The number of Ni 
atoms commonly found in the ensymes is one although higher 
metal content has been reported for the hydrogenase from 
Nggftgdjft opaca (64).
EFR spectroscopy proved to be invaluable in the 
detection of Ni in biological systems. Indeed the first 
detection of Ni, in cells of Mi brvantii (65) was made by 
this technique, and confirmed by isotopic substitution with 
•*Ni (66). Comparison with model compounds permitted the 
assignment of the redox state and geometry of the metal 
center (67).
Nickel seems to be present mainly in uptake 
hydrogenases and has proven to be essential for the 
catalytic activity of the enzymes (60,61). Even though 
quantitative comparisons are difficult due to experimental 
problems, Ni-oontaining hydrogenases appear to be less 
active and less Os sensitive than Fe-only hydrogenases. The 
majority of Ni-containing hydrogenases can be isolated and 
purified aerobically although they are inactive in this 
state (66,68,69). Ni-oontaining hydrogenases also show
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higher thermal stability than Fe-only hydrogenases (70,71).
The role of Ni in hydrogenases is still unclear and at 
present it is not understood why only soae hydrogenases 
require this eetal center even though all catalyse the sane 
type of reaction. However, the metal seems to be involved 
in the catalytic activity of the ensymes, since it 
undergoes a redox change under Eh reduction (69).
The spectroscopic properties of Ni-containing 
hydrogenases will be examined with some detail in this 
work, taking as example the ensymes from L. gjgas and IL_
1.3 CARBON MONOXIDE DEHYDROGENASE
Carbon monoxide serves as substrate for a wide variety 
of bacteria. It acts as a sole carbon and energy source for 
the "carboxydobaoteria" (72), and is used under anaerobic 
conditions by different microorganisms, including 
methanogenic (73), sulfate-reducing (74), and Ni-fixing 
bacteria (75). In all these organisms, 00 is first oxidised 
to CO2 , which can subsequently enter other metabolic 
pathways in the organisms. The overall reaction of 00 
oxidation can be written as:
00 4 B2O  > CO* + 2H+ + 2e- (30)
The mechanism by which the reaction occurs Is unclear at 
present. However, it is known to be catalysed by an ensyme 
called 00:oxidoreductase, more commonly known as GO 
dehydrogenase (72).
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The ensyM is known to be a wetalloensywe that 
contains Fe-S centers in addition to Zn. Ni has also been 
found to be a constituent of the enayse isolated frow 
anaerobic bacteria (76), whereas Mo and Cu have been found 
in that isolated frow aerobic bacteria (77). As is the case 
in hydrogenases, the role that the netal centers play in 
the ensywe has yet to be established.
In acetogenlc bacteria i.e.. bacteria that synthesise 
acetate from a number of carbon and energy sources, the 
involvement of CO dehydrogenase in some of the reactions of 
acetate biosynthesis has been demonstrated (78). A wore 
detailed description of the role and spectroscopic 
properties of the ensywe in these bacteria, specifically of 
that isolated frow glfigfeEldjjaa thermoaceticuw. will be 
presented later in this work (see chapter 5).
1.4 IRON-SULFUR PROTEINS
Iron is the wost widely distributed and abundant wetal 
in biological systews. According to the type of ligands 
that surround the wetal center, the International Onion of 
Biochemistry has classified Fe-oontaining proteins into 
three major groups: heue proteins, Fe-S proteins, and other 
Fe-containing proteins (79). Heme proteins are those in 
which the iron has any derivative of the porphyrin ring as 
ligand, whereas the group of other Fe-containing proteins 
includes those such as oxygenases and hydroxylases. The
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t e n  iron-sulfur proteins refers to non-heme proteins in 
which the Fe is directly bound to inorganic (acid labile) 
sulfur and cysteinyl sulfurs. These proteins are further 
classified as simple, if they contain Fe-S centers as their 
only prosthetic group, and coaplex if in addition, they 
contain other active groups such as other wetal centers, 
heaes, flavins, etc. The classification of Fe-S proteins is 
illustrated in Fig. 1-8.
Iron-sulfur proteins are widely distributed in nature, 
being found in anaerobic, aerobic, and photosynthetic 
bacteria, algae, fungi, higher plants, and mammals. Their 
primary function is in electron transfer reactions, being 
the most widely dispersed metalloprotein electron carriers 
in nature. Regulatory, oatalytical, structural, and storage 
roles have also been proposed. In the last 20 years, the 
study of Fe-S proteins has attracted much attention and has 
been the subject of several reviews (60-83). Traditionally, 
Fe-S proteins that do not have any enzymatic function have 
been called ferredoxins, whereas the others are named 
according to their function.
Dp to the present moment, the type of simple Fe-S 
centers or Fe-S clusters found in nature are Fe-Scys«, 
[2Fe-2S], [3Fe-xS], and [4Fe-4S], and their structures are
illustrated in Fig. 1-9. The latest recommended I0B-I0PAC 
nomenclature for these centers indicates the cluster type 
in square brackets with the net charge of the centers as 
superscript. The oxidation states are calculated assuming 
that the cysteine residues are formally present as
Iron-containing proteins
Henoproteinn Iron-sulfur proteins
I
Others
Sinple 
Iron-sulfur proteins
Conplex 
Iron-sulfur proteins
Rubredoxins (ltd) Ferredoxins (Fd) Iron-sulfur Iron-sulfur Iron-sulfur
Holybdenun proteins Flavoproteins Nickel proteins
[2Fe-2S] Fd |3Fe-xS) Fd [4Fe-4S] Fd
Others
Figure 1-8. Classification of lwB-naata(a(an proteins. 
Based on the nomenclature recoemended by the International 
Union of Biochemistry.
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mercaptide and do not contribute to the net charge, whereas 
the labile sulfur is present as sulfide. In addition to 
these siaple Fe-S clusters, bom other complex structures 
are found in nature. These include the M-clusters and the 
P-olusters in the Mo-Fe protein of nitrogenase (84), but 
their structure is less well characterised and will not be 
dealt with in this work.
1.4.1 ROBREDQXIN
Rubredoxin constitutes the siaplest class of Fe-S 
proteins, with one Fe atoa tetrahedrally coordinated bp 
four cysteinyl residues and containing no labile sulfide 
(Fig. 1-9 a). They are present in aerobic as well as
anaerobic aicroorganisas but their general function has yet 
to be established. Rubredoxins constitute the best 
characterised Fe-S proteins, since their structural and 
electronic parameters are well known. Spectroscopic studies 
by EXAFS (65), Mdssbauer (86), MCD (14), and XFR (30,87), 
as well as comparative studies with model compounds (68) 
describe the center as high-spin Fe tetrahedrally 
coordinated to four cysteinyl ligands at an average 
distance of 2.267 * 0.003 A®. The metal center cycles 
between the 3+ (S = 5/2) and 2+ (S = 2) oxidation states, 
therefore rubredoxin is EPR active in the oxidised state, 
and EFR silent in the reduced state. The midpoint redox 
potentials for several rubredoxins range between 0 and -100 
mV xg
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1.4.2 [2Fe-2S] CEHTSRS
These clusters are usually contained in proteins
isolated froa plant sources. They are found in ohloroplasts 
and their role in photosynthesis has been established.
X-ray crystallographic studies on the ferredoxin froa 
Spirullna nlatensis (69) support the structure shown in 
Fig. 1-9 b, consisting of two Fe atoas in tetrahedral
coordination bridged by two sulfides, and with four
cysteinyl sulfurs that bind the cluster to the protein. The 
cluster cycles between the 2+ and 1+ oxidation states, 
being diaaagnetic in the oxidised fora, and paraaagnetic in 
the reduced, displaying an EPR spectrua with g»v < 2,
observable at tenperatures as high as 77 K. The aidpoint 
redox potentials range between +300 aV in Rieske protein to 
-420 aV in plant ferredoxins.
Mdssbauer studies (90,91) have shown that in the 
oxidised state, the cluster contains two Fe(III) ions 
antiferroaagnetically coupled, whereas in the reduced state 
it is coaposed of an antiferroaagnetically coupled pair of 
high-spin Fe(III) and Fe(IX) ions with localised valences 
(90).
Low teaperature MCD spectroscopy (91), as well as EPR 
spectroscopy (92-94) suggest the existence of at least 
three distinct classes of [2Fe-2S] centers, which are the 
plant-type ferredoxin, the hydroxylase-type cluster, and
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the Rieske center. Typical examples are, respectively, 
Bpinach Fd, which ahowa a rhombic KPR spectrum with g»v = 
1.96, adrenodoxin with an axial EFR spectrum of giv = 1.96, 
and Rieske center, which shows a rhombic EFR spectrum with 
gav = 1.91.
1.4.3 [3Fe-xS] CENTERS
The existence of this type of clusters was discovered 
only recently, by Mossbauer spectroscopic studies on 
Azotobacter vineland11 (95). Prior to their discovery,
these clusters were erroneously characterized as HIFIP 
[4Fe-4S] centers, based on the similar EFR g-values 
(gav > 2) that both types of clusters exhibit in the
oxidized state, and in the absence of EFR signal for the 
reduced state.
Mossbauer studies (96) indicate that in the oxidized 
state the clusters consist of three Fe(III) ions coupled to 
give an S = 1/2 ground state. In this state, the clusters 
give rise to an EFR signal centered around g = 2.01. Upon a 
one electron reduction, they become EFR silent. Mossbauer 
spectroscopy showed that, in the reduced state, [3Fe-xS] 
clusters are paramagnetic with an 6 > 1 ground state
arising from a coupled model that can be formally 
described as one Fe*+ and two Fe**5+, due to delocalisation 
of one electron between the two remaining Fe atoms (96). 
Later, MCD spectroscopy determined an S = 2 ground state 
for the reduced clusters (14).
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The structure of [SFe-xS] centers has yet to be 
established. An X-ray diffraction study of the cluster in 
Asotobacter vineland!i Fd (97) suggests a nearly planar 
[3Fe-3S] ring (Fig. 1-9 c), in which one coordination site 
is occupied by an 0 ligand. However, resonance B y ™  
studies on At vinelandii Fd 1, Thernua themonhilus Fd, P. 
gigas Fd II, and ferricyanide-treated nagtau^yBua Fd 
suggest a cubane-type, [3Fe-4S] cluster (Fig. 1-9 d) (98). 
This structure is also supported by EXAFS studies on P. 
gigas Fd II (99), At vinelandii Fd I (100), and inactive 
aconitase (101). Thus, the existence of two types of 
[3Fe-xS] clusters has been proposed (102).
Another question that still remains unanswered is 
whether or not [3Fe-xS] centers exist ip vivo or they are 
merely artifacts of the isolation procedure. The doubt 
arises because studies on aconitase (103) and C.
j*nna> Fd (104) have demonstrated that they can be 
formed from r4Fe-4S] centers, by oxidative degradation.
1.4.4 [4Fe-4S] CENTERS
The structure of [4Fe-4S] centers can be visualised 
as a distorted cube with four tetrahedral Fe atoms bridged 
by acid labile sulfides (Fig. 1-9 e). This structure is 
supported by X-ray diffraction studies on g*. (105)
and Peptococcus aerogenes Fd (106).
These centers have three accesible oxidation states,
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cysS^ 3Fe^ cysS^p.^5^  .Sey*
Cy#S S^cy* c*sS^  'V' S^cy*
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Figure 1-9. Bohesurbic representation of the well 
characterised aiaple Fe-8 clusters, (a) [Fe-ScysO center; 
(b) [2Fe-2S] cluster; (c) [3Fe-3S] cluster; (d) [3Fe-4S]
cluster; (e) [4Fe-4S] cluster.
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3+, 2+, and 1+. However, an individual cluster only cycles
between two of these redox states, either 3+/2+ or 2+/1+. 
The former redox change occurs at b  of about +350 aT, 
whereas the latter occurs between -350 and -450 nV. Hence, 
the clusters that cycle between the 3+/2+ oxidation states 
has been terned "high-potential" (HIPIP), whereas those 
that cycle between the 2+/1+ oxidation states are referred 
to as "normal-type" or "ferredoxin-type".
Oxidised HIPIP [4Fe-4S] centers have 8 = 1/2 ground
state and formally consist of three Fe(III) and one Fe(II) 
atoms antiferromagnetioally coupled (107,108). These 
clusters exhibit a nearly axial EFR signal with gav > 2. On 
reduction, HIPIP [4Fe-4S] centers become diamagnetic, as 
shown by EFR (93), magnetic susceptibility (108), and MCD 
experiments (109), and formally consist of two Fe(III) and 
two Fe(II) ions.
The ferredoxin-type clusters in the oxidised state are 
identical to the HIPIP-type in the reduced state. Mdssbauer 
spectroscopy (110) has shown that the clusters formally 
consist of one Fe(III) and three Fe(II) ions, coupled to 
produce an S = 1/2 ground state, also confirmed by MCD 
(109). The species gives rise to a rhombic EPR signal with 
p v  = 1.94 (111). More complex EFR signals, although with 
the same gav-value are observed for proteins that contain 
more than one [4Fe-4S] cluster, such as the 6-Fe Fd from
A summary of the electronic and magnetic properties of 
the simple Fe-8 centers is presented in Table 1-3.
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ELECTRONIC
CLUSTER
[FeScysi]
[2Fe-2S]
[3Fe-xS]
[4Fe-4S]
TABLE 1 - 3
AMD MAGNETIC PROPERTIES OF IRON-SULFDR CLUSTERS 
REDOX STATE TOTAL SPIH EES mSL. DE£^ MSB
3+ 5/2 8-4.3 yes
24 2 silent yes
2+ 0 silent no
14 1/2 8-1.94 yes
ox. 1/2 8-2.01 yes
red. 2 silent yes
34 1/2 8-2.06 yes
24 0 silent no
14 1/2 8-1*94 yes
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1.5 NICKEL CHEMISTRY
Nickel Is a transit ion aetal element belonging to the 
first transition aeries. The metal has an electronic 
configuration [Ar] 4s* 3d* and can adopt oxidation states 
between 1- and 4+. A review of the Hi chemistry will not be 
attempted in this work, since several are available (3,113- 
115). Instead, only those aspects of Ni complexes that are 
relevant to Ni in biological systems, and hence relevant to 
this work, will be emphasised.
1.5.1 NICKEL(I) COMPLEXES
The majority of known Ni(I) complexes are formed with 
phosphine ligands or closely related ones, and have 
tetrahedral or trigonal bipyramidal structures (115). Large 
macrocyclic ligands also tend to stabilise this redox 
state (116). Ni(I) complexes are paramagnetic, as expected 
for a d® configuration (S = 1/2), with the unpaired
electron localised in the orbital. Therefore, they
exhibit EPR spectra in which g7/ > gx (117). When the 
geometry approximates square-planar, EPR spectra become 
axial, also with B// > gx. The EPR g-values can be
calculated according to the following equations, derived 
from the equation of the Hamiltonian for d* systems (116):
Bi = 2 - 2A/ei (32)
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8// = 2 - BA/E* (33)
where represents the spin-orbit coupling constant, which 
has a negative value for d* systems, Gi is the energy 
difference between diy and das , dys, and C* the energy 
difference between the day and d«*-y* orbitals.
Ni(I) species have the tendency to form dineric 
structures that contain Ni-Ni bonds, yielding dianagnetic 
ground states . The KPR g-values for some Hi(I) complexes 
are listed in Table 1-4.
1.5.2 NICKEL(Il) COMPLEXES
The most common oxidation state of Hi is 2+, in which 
the metal forms a large number of complexes with 
coordination numbers four, five, and six. Ni(II) complexes 
adopt all the main structural geometries i.e.. octahedral, 
trigonal-bipyramidal, tetrahedral, and square-planar. There 
exist sometimes complicated equilibria between these 
structural types, which are generally temperature 
dependent, and sometimes, concentration dependent.
The d-d spectra of octahedral Ni(II) complexes can be 
readily interpreted in terms of the Bussell-Saunders 
diagrams for d* ions. Three spin-allowed transitions are 
expected, *A*g — > >Tif, * A** — > *Tig(F), and *Aag — >
>Tif (F) (18). From the crystal field splitting diagram, it 
follows that these complexes have two unpaired electrons, 
for an S = 1 ground state.
Five-coordinate Ni(Il) complexes can adopt either a
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Five-coordinate Ni(II) complexes can adopt either a 
high-spin (S = 1) or low-spin (8 = 0) configuration. The 
corresponding geometries for these configurations are 
trigonal bipjrramidal, and square-pyramidal, respectively*
Four-coordinate Ni(II) complexes can also be found in 
a high-spin (S = 1) or low-spin (8 = 0) configuration, in 
tetrahedral and square-planar geometries, respectively. An 
undistorted tetrahedral geometry gives rise to a *Ti (F) 
ground state. The transition *Ti — > *Ti (P) is very strong 
and usually occurs in the visible region (-15000 cm-1). The 
square-planar geometry is the preferred one for four- 
coordinate Mi(II) complexes. These compounds are always 
diamagnetic and usually exhibit an absorption band of 
medium intensity in the range 450-600 nm which envelopes 
the d-d transitions *Aig — > *Aatf, 1Aif — > 1Big, *Ai* — > 
IEit (118).
1.5.3 NICKEL(III) COMPLEXES
Nickel(III) species are stabilised by saturated 
macrocydic ligands containing N or O as donor atoms, such 
as deprotonated peptides and tetraasamacrocycles. These 
complexes are almost invariably paramagnetic, with one 
unpaired electron (8 = 1/2), corresponding to a low-spin 
configuration. As a result, EPR spectroscopy has played an 
important role in the study of these complexes. For a low- 
spin Ni(III) ion (3d*) in a tetragonal field, the ground 
state is usually (d>s)*(dys)*(d*y)*(d»*)*, as illustrated
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in Fig. 1-10. In this case, the EPR g-tensora can be 
written as (119):
where A is the spin-orbit coupling constant (-715 cm-* in 
the free ion), and Ci and Ca are the energy differences, 
between dc*-dyc, and ds*-dxs, respectively. It follows fron 
eq. 34-36 that g1 > g//t result that is often used as 
evidence for a (di*)* ground state. This behavior has 
indeed been observed for several Mi(III) peptide complexes 
(118, 120-123), as can be inferred fron Table 1-4, which
lists the EFR g-values for sone of these conplexes. 
Siailar EFR parameters are observed for phosphine Mi (III) 
conplexes (124). Comparison of the EFR spectra of various 
Ni(III) conplexes has shown that ^  increases with 
increasing strength of the equatorial binding, in the order 
82- > MHa > In > COO-. In addition, sulfide ligands induce 
sore rhonbic synnetry than the corresponding amino ligand 
(122).
The absorption spectra of Ni(III) peptide conplexes 
show intense CT bands near 330 and 250 nn (118,123).
1.5.4 NICKEL IN BIOLOGICAL SYSTEMS
^  = 2 - 6A/C1 
gy = 2 - 6 A/C 2
gM = 2
(35)
(34)
(36)
The biological importance of Mi has been realised only 
recently. The requirement of Ni by microorganisms was long
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TABLE 1 - 4
KPB g-VALOES FOR SOME OCTAHEDRAL NICKEL COMPLEXES
LISAiffi Sj. 6//
Nickel(I) complexes
Mea (14)aneN* • 2.06 2.26 116
M»(14)aneN4 • 2.06 2.27 116
Nickel(III) complexes
Mea(14)aneN« • 2.20 2.02 116
Mee(14)aneN« • 2.22 2.03 116
[S(Np)a] •> 2.27 2.02 129
H-aGs*“ e 2.30,2.24 2.02 113
H-aGaHis « 2.28,2.26 2.02 113
H-aG« • 2.30,2.28 2.01 115
Dimethylglyoxime 2.13 2.03 113
• Tetradentate tetraasa macrocyclic ligand. 
*> N-aercaptoacetylglycyl-L-hiatidine.
c Glycyl-glycyl-glycine.
d Glycyl-glycyl-histidine.
• Glycyl-glycyl-glycyl-glycine.
(o )  <b> t e i
Ocirohtdrol Tttrogonol Squor« Plonor
F i g u r e  1 - 1 0 .  Knerg? level diagraa for a low-apin Mi(IIX) 
a y a t a a .
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overlooked because the trace amounts of NI required were 
provided by the stainless steel fermentations vessels used 
for growth. At present, several biological processes are 
known to be Ni dependent. The metal is required for the 
growth of different organisms suah as animals, plants, and 
bacteria (125). Table 1-5 lists some of the organisms that 
are known to require Ni.
Jack bean urease constitutes the first ensyme in which 
Ni was found to be constituent (126,127). In addition, Ni 
has been found to be constituent of several hydrogenaaes 
(11,13,15), carbon monoxide dehydrogenases from anaerobic 
bacteria (76), and the factor T«ao from coensyme-M 
reductase in methanogenic bacteria (128). Unfortunately, 
the specific role of Ni in these organisms has yet to be 
established, although the metal seems to be essential for 
the catalytic activity of the ensymes. In addition, there 
is lack of information concerning the redox states, as well
as the electronic and magnetic properties of Ni in the
organisms. However, there is some evidence that they are 
not the same in various organisms, and that some unusual 
oxidation states, 1+ and 3+, besides the most common 2+ are 
found in biological environments. The study of these 
structural and electronic properties has been based on the 
results obtained for inorganic model compounds, mainly by 
KFR spectroscopy (122,129). Ni KXAFS studies have shown 
that the possible ligands for Ni in the systems in which it 
has been found vary from pyrrole structures in F«»o (130),
to N- and O-containing donors in urease (131), and
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TABLE 1 - 5
SOME KNOWN NICKEL-]i h iiENT BIOLOGICAL PROCESSES (125)
ORGANISM N I C K E L  G E Q !
Animals
Plant cells
Rumen bacteria 
Knallgas bacteria
PftgU lfttQ Eift BP-
ili. pasteurlanun
Acetogenic
bacteria
Methanogenic
bacteria
Growth (?)
Synthesis and/or activity of ensynes (?)
Growth on urea as sole nitrogen source 
Urease synthesis
Urease synthesis
Growth on Ha and Oa 
Hydrogenase synthesis
Growth
Synthesis of CO dehydrogenase 
Synthesis of CO dehydrogenase
Growth
Synthesis of factor F4S0
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oysteinyl sulfurs in hydrogenases (132).
Ni-substituted enzymes should provide sore suitable 
models to study the Ni environment in biological systems. 
Unfortunately, good biological models are not yet 
available. To date, Ni(II) metallothionein (133), Ni(II) 
carboxypeptidase A (134), N1(1I) transoarbamoylase (136),
and Ni(II) asurin (136) constitute the only examples of Ni- 
substituted ensymes. Their study has been limited to 
electronic absorption spectroscopy, natural CD, and MCD 
fron 77 K to room temperature.
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2.0 MATERIALS AMD METHODS
2.1 SAMPLE PREPARATION AND HANDLING
Due to the very high oxygen sensitivity of almost all 
the ensymes used in this work, the samples , were handled 
anaerobically under Ar, unless otherwise stated, and all 
solutions employed were degassed by three freese-pump-thaw 
cycles. All solutions were contained in Schlenk flasks or 
in serum-capped vials, and transferred using Hamilton gas- 
tight syringes.
Anaerobic samples were handled either on a gas/vacuum 
line, in which argon was passed over a BASF copper catalyst 
to remove oxygen, or in a Vacuum Atmospheres inert 
atmosphere box equipped with a model HE-493 dri-train, a 
model A0-316-C oxygen analyser, a model AM-2 moisture 
analyser, and a pedatrol pressure control. Oxygen levels in 
the inert atmosphere box and in the gas/vacuum line were 
below 1 ppm. Treatment of the samples with either Hs 
(Liquid Carbonic) or CO (Matheson) was performed on a 
gas/vacuum line; oxysorb cartridges were attached to the 
outlet side of the pressure gauges to remove residual 
traces of oxygen.
Proteins were dissolved in buffer solutions, as 
indicated in the figure legends. Tris(hydroxymethyl) 
aminomethane hydrochloride, referred to as Tris/HCl, was 
obtained from Aldrich and adjusted to the appropriate pH 
with a concentrated solution of hydrochloric acid.
78
79
Phosphate buffers were prepared by wiring the appropriate 
amounts of the mono- and dibasic potassium phosphate 
solutions.
For the reduction of the ensymes with dithionite, a 
saturated solution of sodium dithionite was added
anaerobically to the proteins in the indicated excess over 
the protein concentration, unless otherwise stated. The
dithionite solution was prepared in the appropriate
degassed buffer immediately prior to use. The reagent used 
had a purity greater than BOX, and was purchased from Kodak 
Chemicals.
All solutions were prepared using water which was 
first glass-distilled and then passed through an ion 
exchange column. All other chemicals not expllcitely listed 
were of the highest purity available.
2.1.1 CLOSTRIDIPM PASTEORIANOM BIDIRECTIONAL HYDBOGENASE
pesteurianuw bidirectional hydrogenase
(strain W5) was generously provided by Dr. Michael W.W. 
Adams from Exxon Research Laboratories, in Annandale, N.J. 
Details of isolation and purification are described in 
references 1 and 2. After purification, the samples were 
shipped on dry ice to Louisiana State University, in Baton 
Rouge.
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Oxidation with thionine:
C. f^VT bidirectional hydrogenase is usually
isolated and purified in the presence of dithionite, which 
acts as Oa scavenger. Therefore, the ensyme wust be 
oxidised prior to spectroscopic study. The initial batches 
of ensyme were received already in the oxidised forn. The 
sanples had been treated with a 20 wN thionine solution, 
added until a final concentration of 2 wH in thionine was 
achieved, and the excess oxidant was subsequently rewoved 
by washing with buffer. The ensyme, oxidised according to 
the above sientioned treatment, will be referred to as 
oxidised with large excess of thionine.
Hydrogenase samples oxidised with small excess of 
thionine were received in the dithionite-reduced form. The 
oxidation treatment was always performed in the inert 
atmosphere box. Prior to use for MCD, 50% v/v of ethylene 
glycol was added to the ensyme samples, and then a degassed 
thionine solution (*14.1 mM) was added fron a nioroliter 
gas-tight syringe until a weak but stable blue color was 
observed. The amount of thionine added was ~5-fold excess, 
based on protein concentration. An anaerobic MCD cell was 
then filled and the remaining sample was placed in an KPR 
tube. Both samples were then frosen, In liquid helium the 
first, and in liquid nitrogen the second. The process was 
performed in less than 10 min, from the addition of the 
first drop of thionine.
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Reduction with dithionite:
As previously mentioned, the “as isolated" ensyme is 
already in the reduced state. Therefore, the samples were 
siaply thawed under an Hi atmosphere and 50% v/v ethylene 
glycol was added. The ethylene glycol was previously 
degassed under Hi, and saturated with solid dithionite 
immediately before adding it to the ensyme.
Treatment with 00:
Thionine-oxidised MffitTVrlOPflW bidirectional
hydrogenase was thawed under CO and, after being flushed 
and degassed for three or four times, the ensyme was 
incubated under CO for 8 mln.
Treatment with air:
The ensyme, either in the dithionite-reduced or in the 
thionine-oxidised form was thawed under air and kept at 
room temperature for about 10 min prior to refreesing. KPR 
spectra were taken under the same conditions immediately 
before and after the treatment.
2.1.2 CLOSTRIPIDM PASTEPRIAHDM UPTAKE HYDROGENASE
Samples of Clostridium pasteurianum uptake hydrogenase
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(strain W5) for spectroscopic study were provided by Dr. 
Michael ff.W. Adams from Exxon Research Laboratories, in 
Annandale, N.J. Details of the isolation and purification 
of the ensyme are described in reference 3. Once purified, 
the samples were shipped on dry ice to Baton Rouge.
Oxidation with thionine:
As previously mentioned for the bidirectional 
hydrogenase from the same organism, the samples were 
Initially received in the thionine-oxidised form, and will 
be referred to as ensyme oxidised with large excess of 
thionine. These samples had been treated with a 20 mM 
thionine solution until the final concentration of thionine 
in the ensyme samples was 2 mM; the excess of thionine was 
subsequently removed by washing.
The ensyme oxidised with small excess of thionine was 
treated as follows: BOX ethylene glycol was added to the
dithionite-redueed ensyme, and a thionine solution, 
prepared as described for the bidirectional hydrogenase, 
was slowly added until a slight blue color was observed. 
The final excess of thionine was -8-fold, based on protein 
concentration. The anaerobic MOD cell and the EPS tube were 
filled and frosen in less than 10 min from the first 
addition of thionine.
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Reduction with dithionite:
C. «mni uptake hydrogenase is also isolated
and purified in the presence of dithionite to ensure 
completely anaerobic conditions, thus the samples were only 
thawed under Ha, and 50% ethylene glycol was added. The 
ethylene glyool was degassed under Ba and saturated with 
solid dithionite immediately prior to use.
Treatment with GO:
Thionine-oxidised oasteurlanum uptake hydrogenase
was thawed under GO, then it was flushed with GO and 
degassed for 3-4 times and incubated under CO atmosphere 
for 8 min.
Treatment with air:
A sample of dithionite-reduoed ensyme was thawed under 
air and kept at room temperature for approximately 10 min. 
Then, the ensyme was frosen in liquid nitrogen. KPR spectra 
were taken at the same conditions immediately before and 
after the treatment.
2.1.3 METHANQBACTSRIOM IHBSMQAQTQIBQfHICgM HYDROQKNASE
Hethanobacterium hydrogenase
04
(strain AH) was generously provided by Drs. Jean LeGall and 
Kelvin H. Cseehowski, froa the University of Georgia at 
Athens, GA. Details of the growth of the bacteria, and 
isolation and purification of the ensymes are given in 
references 4 and 5. The ensyme samples were shipped on dry 
ice to Baton Rouge.
MAs isolated*1 ensywe:
Prior to use for MCD and KFR spectroscopies, sanples 
of m «  hydrogenase were concentrated
under Ar until SOX of their volume, and then SOX v/v 
ethylene glycol was added. Without any further treatment, 
the samples were used for HCD. The remaining sample was 
diluted 3-fold with buffer, as indicated in the figure 
legends, in order to obtain enough volume of ensyme for BPR 
spectroscopy.
Seduced ensyme:
The reduction of Ha thermoa^t t^-FTP*^  hydrogenase 
was attempted by addition of 2S-fold excess of dithionite, 
based on the concentration of paramagnetic Ni obtained by 
EPS spectroscopy. Incubation with Ha was also attempted as 
a means to reduce the ensyme, at room temperature, and at 
40 «C. Some of the samples were flushed with Ar after the 
reduction and prior to refreesing, and some others were 
frosen in the presence of Ha. The results reported here
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correspond to samples that were incubated with Ha for two 
hours at 40 ®C.
2.1.4 NICKEL RECONSTITUTED RUBRKDOXIN
Niokel substituted rubredoxins frow three different 
organises were used for speotrosoopio studies. Those froe 
PegulfgvlfrTlP KiSftft and PogwljgYibrlft vulgaris were 
generously provided by Drs. Jose and Isabel Moura, froe the 
Centro de Quieioa Estructural in Lisboa, Portugal.
Nickel substituted rubredoxin froe R1n,fTl^1MI 
pasteurianue was prepared in this laboratory froe native 
rubredoxin isolated and purified by Deborah E. Bennett in 
Louisiana State University (6). The apoprotein was prepared 
following published procedures, by precipitation with 
trichloroacetic acid (7,8). The iron was extracted by 
complexation with o-phenanthroline. The Ni substituted 
rubredoxin was prepared aerobically by variation of the 
published procedures for the preparation of cobalt(II)- and 
nickel(II) Metallothionein (9), and of cobalt rubredoxin 
(10). A NiCla solution in 50 wM Tris/HCl buffer, pH 7.0, 
was added to the apoprotein, in a 2:1 ratio. The excess Ni 
was subsequently removed by ultrafiltration using an Aaicon 
YM-5 membrane; the reconstituted rubredoxin was washed with 
buffer and then concentrated under Ns. The sample was then 
frozen by rapid inversion in liquid nitrogen. The formation 
of the reconstituted rubredoxin was monitored by UV-visible
86
absorption spectroscopy.
The Hi rubredoxin prepared as described still 
contained traces of native rubredoxin that were not 
apparent in the UV-visible spec true. The preparation of Ni 
rubredoxin suitable for spectroscopic studies requires the 
complete removal of Fe froe the native protein because the 
apoprotein binds preferably to Fe than to Ni, and native 
rubredoxin shows very Intense and tenperature dependent 
transitions in the low tenperature HCD that overlap to the 
transitions fron the Ni rubredoxin. The results reported 
here correspond to the studies perfomed on one sanple of 
Ni reconstituted L  nines rubredoxin, which was the only 
that showed almost insignificant amounts of Fe (0.011 aM 
Fe, as conpared to 8.85 nM Ni). However, other results 
obtained for slightly inpure reconstituted Ni rubredoxins 
fron gt ninas. D. vulgaris, and £*. after
subtraction of the contribution to the MOD intensity fron 
the native rubredoxin, are consistent with those reported 
for pure IL_ ninas Ni rubredoxin.
2.1.5 DESULFOVIBRIO GIQAS HYDROGENASE
Sanples of PggyliOYlferla gjgas hydrogenase (NCIB9332) 
were provided by Dr. Jean LeGall and his group from 
bacteria grown in the University of Georgia at Athens, GA. 
Details of the isolation and purification of the 
hydrogenase are described in reference 11. Ensyme sanples 
were shipped to Baton Rouge, either on dry ice or in a
B7
liquid nitrogen precooled dewar.
"As isolated" enzyme: ,
Vor spectroscopic study of the "no isolated" 
hydrogenase, the samples mere diluted with buffer, as 
indicated in the figure legends, and SOX v/v ethylene 
glycol was added.
Reduction with dithionite:
P. glgas hydrogenase was reduced by addition of 20- to 
25-fold excess of a saturated sodium dithionite solution. 
The reduction was monitored by (IT-visible absorption 
spectroscopy, by the decrease in the absorption at 400 nm. 
The samples were kept at room tenperature until no further 
decrease was observed, usually for 10-15 min after the 
addition of the reduotant, and were then frozen by rapid 
immersion in liquid nitrogen (EPR samples) or liquid helium 
(MOD samples).
Reduction with hydrogen:
Samples of "as isolated” L. sitfas hydrogenase were 
thawed under Eb, and after several flushes and evacuations, 
the enzyme samples were left under an Ha atmosphere at room 
temperature for different periods of time. From an
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Individual sample, aliquots were drawn at different periods 
of incubation and Imnndiately placed in KFR tubes covered 
with aluminum foil, and frosen by rapid inversion in liquid 
nitrogen. The samples were used for EPR spectroscopy and 
after they were thawed again under Ha, to be used for MOD 
spectroscopy.
2.1.6 PHOTOLYSIS OF DESOLFOVIBRIO GIGAS HYDROGENASE
Reduced samples of L. alaas hydrogenase, prepared as 
previously described were placed in the cavity of the EFR 
spectrometer, in the dark. The samples were irradiated at 
specific temperatures with a 200 W xenon-mercury arc lamp 
located in front of the EFR cavity, and focused to the 
entrance slit of the cavity. Wavelengths of irradiation 
were selected between 700 and 300 na every 50 nm by means 
of a Bausch & Lomb monochromator placed between the sample 
and the light source, at a fixed distance fron the cavity. 
The entrance and exit slits of the monochromator were 
adjusted both to 6 nm. No other radiation was allowed to 
reach the samples.
The magnetic field at the maximum of the g = 2.19
resonance peak was set in the EFR spectrometer and the 
decrease in the intensity of the signal was recorded as a 
function of time, starting the scanning and the irradiation 
of the samples at the same time. A very high modulation 
amplitude (1.6 T) was used, so that the peak amplitude was 
less sensitive to small changes in the magnetic field. The
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irradiation was continued for a period equivalent to at 
least 3-4 half-life tines. The baseline was recorded by 
turning off the Modulation amplitude. Conversion of the 
photolysed signal into the unphotolysed one was achieved by 
warning of the sanple to *150 K within the KFR cavity for 
10 nin. To avoid baseline problems, the plots for a first 
order kinetics (In of the decrease in the intensity of the 
signal xfi tine) were done by using the Guggenheim method 
(12).
The irradiations with white light were done using the 
same light source, without the use of the nonochronator.
2.1.7 CLOSTRIDIUM THERMOACBTICOM CARBON MONOXIDE 
DEHYDROGENASE
cionti»4<»i^ themoac*-M CO dehydrogenase was
generously provided by Dr. Steven W. Ragsdale fron Case
Western Reserve University in Cleveland, Ohio. Details of 
isolation and purification of the ensyme are described in 
reference 13. The sanples were shipped on ice to L.S.D. in 
Baton Rouge. Sanples were received with and without 
coensyne A added and, unless otherwise stated,
spectroscopic studies were performed on both forms of the
ensyme.
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"As isolated” ensyme:
The samples in the ”as isolated” or oxidised state
were diluted with buffer, as indicated in the figure
legends, and SOX v/v ethylene glycol was added.
A concentrated solution of urea was added to another
sample of "as isolated” ensyme until a 0.4 mM concentration 
of urea in the ensyme was reached. No ethylene glycol was 
added to the ensyme sample treated in this way, therefore 
it was only studied by KFR spectroscopy.
Treatment with potassium ferricyanide:
A 21.0 mM solution of potassium ferricyanide, prepared 
in the appropriate buffer, was added to the "as isolated” 
ensyme in 10-fold excess, based on protein concentration. 
The excess of ferricyanide was removed by passing the 
ensyme through a G-25 Sephadex column. The fraction 
containing the ensyme was then concentrated by 
ultrafiltration using an Amicon YM-30 membrane.
Reduction with dithionite:
C. tharnoan«-Mmw GO dehydrogenase was treated with 
variable amounts of sodium dithionite dissolved in buffer, 
as described in the figure legends. Samples treated with 
20- to 100-fold excess of dithionite, based on protein
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concentration, were used for spectroscopic studies.
Some ensyme samples were reduced with dithionite 
immediately before using them for HCD spectroscopy, and the 
EFR and MCD samples were frozen simultaneously. However, 
some otuer samples were titrated with a dithionite solution 
and immediately frozen in EFR tubes, by rapid immersion in 
liquid nitrogen. The stages of reduction were monitored by 
EFR spectroscopy. Some of these samples were also studied 
by HCD. In such cases, they were anaerobically rethawed. 
Examination of the EFR spectra before and after thawing 
showed no effect in the stage of reduction.
Treatment with CO:
Samples of "as isolated” fit thermoa^-M m m  CO 
dehydrogenase were thawed under CO and, after several 
flushes and evacuations, were incubated under a CO 
atmosphere for 8 min.
Another enzyme sample was treated with a 10 mM 
solution of THN in water, until a final concentration of 
0.4 mM of FMN in the ensyme was obtained. The resultant 
solution was then exposed to CO, as described above.
The same treatment with CO was applied to one of the 
samples that had been previously treated with dithionite.
Treatment with air:
Samples of "as isolated" and dithionite-reduced ensyme
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were thawed under air and kept at room tenperature for 10 
■in. The samples were then frozen by. rapid immersion in 
liquid nitrogen.
2.2 UV-VISIBLK ABSORPTION SPECTROSCOPY
OV-visible absorption spectroscopy was performed at 
room temperature using a Cary 219 OV-visible absorption 
spectrometer. The spectra were recorded under anaerobic 
conditions in serum-capped 1 mm quarts cuvettes.
2.3 MAGNETIC CIRCULAR DICHROISM SPECTROSCOPY
2.3.1 SPECTROPOLARIMETER
Magnetic circular dichroism spectra were obtained 
using an Oxford Instruments SM3, split coil, 
superconducting magnet mated to a Jasco J500C 
spectropolarimeter (Fig. 2-1). The system used allows 
measurement of MCD spectra in the wavelength range of 200 
to 1000 nm, at temperature ranges between 1.5 and 300 K, 
and at magnetic fields between 0 and 5 Tesla.
The Jasco J500C employs a xenon arc lamp as radiation 
source. The radiation is passed through a conventional 
double monochromator and a linear polarizer. Linearly 
polarized light is alternately converted into left and 
right circularly polarised light by a photoelastic
*SOURCE
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fig u re  2-1. Coh— tlo repraaacUtiw of the J —oo J800
speotropolerl— tar — tod to —  Oxford I— tx— — to
auperooodoctleg — goet.
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Modulator (FSM) at a frequency of 50 KHa. The circularly 
polarised light la transmitted directly through the Magnet 
and the sample, and finally to the photomultiplier (FMT), 
which is phase looked to the FSM frequency for measuring 
the differential absorption of right and left circularly 
polarised light. Phase sensitive detection greatly 
increases the signal-to-noise ratio.
A strong magnetic field can affect the operation of 
the FMT and the FSM. This problem is avoided by spatially 
separating the magnet from both the optical system and the 
FMT by at least one meter. The dichrograph exit slit, the 
optical compartment of the magnet, and the FMT grid were 
aligned using an optical rail. Stray light was eliminated 
by means of an optical tube connecting the windows of the 
optical chamber of the magnet to the dichrograph. The 
optical tube is rigidly fixed in position to ensure maximum 
light intensity impinging on the FMT. The divergence of the 
light beam upon passage through the tube was negligible, 
therefore a refocusing lens was not required.
2.3.2 MAGNET AND TEMPERATURE CONTROL
A variable, longitudinal magnetic field is applied to 
the sample mounted in the optical compartment of the aplit- 
coil superconducting solenoid, immersed in a helium bath 
(Fig. 2-2). The helium is insulated by a nitrogen Jacket 
and a vacuum compartment. The sample compartment of the 
magnet is centered between the split coil and can be filled
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Figure 2-2. Bnhwtio representation of «n Oxford 
Instruments 8M3f split ooil superoomduoting ■■gntrt (6) 
Sample holder; (H) optical windows; (T) needle valve; (M) 
coils of superconducting magnet.
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with helium fron the aain helium reservoir by opening a 
needle valve. The magnet is equipped with an Oxford 
Instruments MRS power supply, and magnetic fields are 
ramped by using an Oxford Instruments SG3 sweep generator. 
Magnetic fields are calibrated using a transverse Hall 
probe (Lake Shore Cryogenics) mounted in place of the 
sample on the sample probe. The magnet current field was 
digitally measured as voltage across a 2 milliohm resistor, 
using a Dynasan Corporation 2830 digital multimeter 
connected directly to the magnet power supply. The magnetic 
field was linear as a function of magnet current over the 
range 0-5 T. The accuracy of the magnetic field 
measurements was *0.03 T.
The sample probe, with the sample positioned at the 
lower end (Fig. 2-3) is placed directly into the sample 
compartment filled with liquid helium. The probe also 
contains the temperature sensors, and a heater.
Sample temperatures were measured with calibrated 
carbon glass resistors (Lake Shore Cryogenics) placed 
directly above and below the sample. The carbon glass 
resistors were calibrated by Lake Shore Cryogenics over the 
temperature range 1.5-300 K, and give temperature readings 
acourate within 0.5X. A Rh/Fe resistor is also located 
directly above the sample, and is used to control the 
tenperature above 4.2 K.
Temperatures between 1.5 and 2.2 K are obtained by 
reducing the pressure with a two-stage rotary pump.
Temperatures above the boiling point of liquid helium
Rh/Fe
resistor Hooter colt
i
/ □V
Carbon x Cu block 
gloss 
resistor Locking nut
'Carbon gloss 
resistor
Cell holdert Cu
Figure 2-3. flohe— tic gcprcgeatitios of the MOD aaople
pvotw.
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(4.218 K) are obtained by passing cold He gas through the 
sample compartment, and are controlled by the Rh/Fe 
resistor and a heater connected to an Oxford Instruments 
DTC2 temperature controller. MOD spectra are generally not 
collected between the lambda point of He (2.2 K) and 4.218 
K because the bubbling of the He results in a decrease of 
the signal—to-noise ratio. Below 2.2 K, the He becomes 
optically clear and also exhibits anomalously high thermal 
conductivity, eliminating problems with thermal gradients.
2.3.3 SAMPLE CELLS
MCD sample cells are constructed from two polished 
quarts plates (1.5x1.5x0.1 cm) separated by a rubber 
gasket. Aerobic cells are sealed on three sides by epoxy 
resin. Anaerobic cells are sealed on all four sides, 
leaving two small gaps for injection of the sample into the 
cell through the rubber gasket. The pathlength of each cell 
is determined by subtracting the thickness of both quarts 
cells from the total cell thickness.
The MCD cells are pumped and flushed with either Ar, 
Ha, or 00, depending on the gas being used, prior to the 
introduction of the ensyme sample. The cells are filled 
with the sample using gas-tight syringes and are rapidly 
frosen by immersion into the helium bath.
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2.3.4 MCD SAMPLES
Frosen MCD sanples wist be in the f o m  of optical 
quality glass to allow transmittance of light, therefore 
the addition of glassing agents is required. Throughout 
this work, SOX v/v ethylene glyool was added to the protein 
solutions. However, glycerol and sucrose can also be used 
as glassing agents. The addition of ethylene glycol did not 
show major effects on the activity, UV-visible absorption, 
or EFR characteristics of the ensymes studied in this work.
Strain in the frosen glass or magnet windows may cause 
some depolarisation of the light beam, inducing a decrease 
in the signal intensity. Strain birefringence is corrected 
for by measuring the ratio of decrease in the intensity of 
the natural CD of D-tris(ethylenediamine)cobalt(III) 
chloride when placed after the sample, in the absence of a 
magnetic field, with respect to that in the absence of the 
sample. The depolarisation in the samples studied was 
usually less than 10X. No residual strain birefringence was 
found in the magnet windows.
2.3.5 DATA COLLECTION AND MANIPULATION
Spectra are recorded digitally using an (NCI IF 800 
model 30 microcomputer, interfaced via a Jasco IF500 
interface. Data collection and manipulation were performed 
using the software provided by Jasco Corp. and modified by
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H.K. Johnson and D.K. Bennett.
In a typical HCD apeotrua, data were sampled every 0.4 
nm at a soan rate of 50 nn/nin and a tiwe constant of 2 s. 
Unless otherwise stated* each apeotrun was scanned once. 
The slit openings were fixed at 100 nm between 800 and 512 
W i  and were programmed for constant 2 na resolution at 
lower wavelengths. At wavelengths above 800 na, the slit 
openings were fixed at 200 fim.
HCD spectra are measured with the field aligned both 
parallel (positive field) and antiparallel (negative field) 
to the direction of light propagation, as well as in the 
absence of an applied magnetic field (aero field). In good 
quality data, the positive and negative field traces must 
be synmetrical around the sero field trace, which 
corresponds to the natural CD spectrum of the sample being 
studied. HCD spectra corrected for contributions from 
natural CD and for any magnetic effects are obtained as 
one-half of the difference between the positive and the 
negative field traces. The HCD intensity is expressed as 
the difference in the molar extinction coefficients for 
left and right circularly polarised light (AC = C lcp - 
Cs c p), in units of M-1 o r  *, after applying a correction for 
depolarisation of the light bean.
HCD magnetisation plots are generated by measuring the 
HCD intensity at a given wavelength, at several fixed 
temperatures, as a function of the magnetic field strength. 
The data are presented as plots of the percentage of 
magnetisation Xff pB/2kT, where the former refers to the HCD
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intensity as a percentage of the intensity at magnetic 
saturation. Theoretical plots used to simulate the 
experimental data are generated from the expressions given 
in section 1.1.2. The software for calculating and plotting 
magnetisation curves was developed by M.K. Johnson and O.K. 
Bennett (6).
2.4 ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY
EFR spectra were recorded on a Varian E-line X-band 
spectrometer. Temperatures between 8.5 and 200 K were 
obtained by using an Air Products Helitrans low temperature 
oryostat. This system allows recording of spectra at 
microwave powers between 0.5 and 100 mN. Sample 
temperatures were varied by balancing the Be flow against a 
heater connected to the temperature controller. A 
calibrated silicon diode (Lake Shore Cryogenics), in frosen 
aqueous solution, positioned in place of the sample in the 
cryostat, was used to assess the tenperature within 2% 
accuracy. A TE model Bruker cavity fit with an LTR Heli- 
Trans low temperature cryostat was used for recording 
spectra at temperatures below 8 K. The temperature was 
measured by means of a calibrated chrome1 ya gold/iron 
thermocouple positioned just below the sample.
The magnetic field was calibrated with a solution of 
2,2-diphenyl-l-picrylhydrasine (DPPH) and with a nuclear 
magnetic resonance probe, and was found to be aocurate
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within 0.25% over the entire scan range.
EFR spectra were recorded as the first derivative of 
the absorption as a function of the aagnetic field at a 
given frequency. The spectra were quantified by double 
integration, using the equations given in section 1.1.3, 
with software written by M.K. Johnson and A. Kowal. A 
solution of known concentration of metmyoglobin cyanide 
(MetMbCH) was used as standard for quantitations below 25 
K. Above this tenperature, a solution of copper 
(ethylenedianinetetraacetate) (CuEDTA) was used as 
standard. The standard solutions were prepared as described 
in reference 6. When performed as described, spin 
quantitation values are precise within 10X.
Whenever possible, EFR sanples were. prepared 
simultaneously with MCD samples, to facilitate comparison 
of the results from both spectroscopic techniques. However, 
in some cases, as stated in section 2.1, EFR samples were 
prepared first and, after the spectra were recorded, the 
protein solutions were thawed again to be used for MCD. The 
ensyme solutions were injected into gas-flushed EFR tubes 
and frosen by rapid immersion in liquid nitrogen.
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3.0 IRON - ONLY HYDROGENASES
The number of bacterial hydrogenases that are known to 
contain onljr iron as metal haa been decreasing continuously 
since the discovery of the presence of nickel in these 
enzymes. Op to the present moment, only hydrogenases fron 
gl9»tridivw» ERgtoHgiM W# (V5)t MMagphttpgft ftledeaii, and 
Pesulfovibrio vulgaris (BiIdenborough and Miyasaki) are 
known to contain only Fe-S centers (1-4).
The present work involves spectroscopic investigations 
of the hydrogenases froa £>. pasteur W5, and the
results are compared with those obtained for other Fe-only 
hydrogenases. is a saooharolytic, Gram-
positive, obligately anaerobic Na-fixing bacterium, in 
which hydrogen is evolved as a product of carbohydrate 
metabolism to organic acids* Ba, and CO (5). Two 
hydrogenases* 1 and II* have been isolated froa this 
organism. One of them* Hydrogenase I* la vitro catalyses 
both the production and evolution of Ha and is therefore 
termed bidirectional* whereas Hydrogenase II is only 
effective in catalysing consumption of Ha and is therefore 
termed uptake.
3.1 CLOSTRIDIUM PASTEPRIANUH BIDIRECTIONAL HYDROGENASE
3.1.1 INTRODUCTION
C. WfttfflVriffTIVff bidirectional hydrogenase
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(Ha :ferredoxin oxidoreduatase, EC 1.12.1.1, or 
ferredoxin:H+ oxidoreduatase, EC 1.16.3.1) is a soluble 
enzyme that la vivo has the physiological role of Bs 
production (4). It is one of the nost active hydrogenases 
that has been isolated thus far.
The enzyme was first isolated by Shug et al. in 1954 
(6) and partially purified by Tagi et al. in 1966 (7). An 
improved purification procedure was developed by Nakos and 
Mortenson in 1971 (6). The hydrogenase has a molecular 
weight of 60000 Da and consists of one polypeptide chain. 
Although it was initially reported to contain 4 Fe atoms 
and 4 labile sulfides per molecule (6), it was shown later 
to contain 11-12 g atom of iron and 12 acid labile sulfides 
(5). Other physical and chemical properties of the enzyme 
are listed in Table 3-1.
The amino acid composition, listed in Table 3-2, shows 
a preponderance of acidic amino acids, in accordance with 
the acidic properties shown by the enzyme on purification, 
and with the isoelectric point (8,9).
In common with other Fe-only hydrogenases, it is 
irreversibly inactivated by oxygen and by temperatures 
above 75 ®C (8,10); JL. vulgaris hydrogenase seems to be the 
only exception in that it can be stored aerobically in the 
oxidized state (11). Chelating agents such as EDTA appear 
to protect these hydrogenases against Ox inactivation 
although the mechanism is unknown (12).
C. pasteurianum bidirectional hydrogenase is stable 
for up to six hours in the presence of 4.0 M urea but loses
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TABLE 3 - 1
PHYSICAL AND CHEMICAL PROPERTIES OF THE BIDIRECTIONAL 
HYDROGENASE FROM CLOSTRIDIUM PASTEURIANUM
E8QPSBTX VALUE
Molecular weight (Da)
Polypeptide chains
Location
Os sensitivity
Purification conditions
Fe (g atom/aole)
Labile sulfide (moles/mole)
Specific activity
( ftaol Hs /mg.Bin)
Isoelectric point
Vh » Hs evolution (a)
( fimoles Eb /min.mg)
Vm , Hs oxidation (b)
( finoles Ha /min.mg)
60000
1
cytoplasm 
very sensitive 
anaerobic 
12 
12 
540
5
4000
17500
8
5
23
9
5.10.17
5.10.17 
10,17
9
14
Extinction coefficient (400 nm) 28800-30000 (red) 
(M-icm-i)
33500-36000 (ox)
10.17
10.17
(a) MV as electron carrier, pH 8.0
(b) MB as electron carrier
108
TABLE 3 - 2
AMINO ACID COMPOSITION OF CLOSTRIDIUM PASTEORIANOM 
BIDIRECTIONAL HYDROGENASE (5,10)
AMINO ACID MOLES/MOLE
Aspartic acid 81
Threonine 24
Serine 26
Glutamic acid 76
Prollne 26
Glycine 32
Alanine 37
Valine 22
Cysteine 12
Methionine 11
Isoleucine 39
Leucine 38
Tyrosine 11
Phenylalanine 13
Lysine 58
Histidine 6
Arginine 12
Tryptophan 0
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activity after two hours In 6.0 M urea (9). It is inhibited 
by Hg*+, Zn*+, 00, and CH~ but not by aside and fluoride
even at concentrations of 50 iM (4,13). The activity is 
increased with decreasing pH in the pH range of 6-9 
(10,14).
Ferredoxin acts as the natural electron carrier for 
the enzyme but flavodoxin, methyl viologen, benzyl 
viologen, methylene blue or 2,6-dichlorophenolindophenol 
can also act as electron carriers for the isolated enzyme 
in vitro (14). Methyl viologen and ferredoxin have a 
synergistic effect on the Hs evolution, the rate increasing 
up to 5-fold in the presence of both electron carriers than 
in the presence of either one of them (4). Other electron 
carriers such as FMN, FAD and thionine have been reported 
to reduce the 0s stability of the enzyme (15).
On the basis of the different effects shown by several 
inhibitors and electron carriers, it has been proposed that 
the active center of naat^uH »mi» bidirectional
hydrogenase consists of at least three independent 
subsites: the first binds Hs and CO, for CO has been shown
to be a competitive inhibitor to Hs; the second binds MV 
and other stabilizers; and the third binds FMN, FAD, and 
thionine. It has also been postulated that binding to the 
first subsite does not affect the rate of oxidation of the 
enzyme by Os, whereas binding to the second subsite shields 
the oxidizable groups from Os, and binding to the third 
subsite induces a conformational change which results in 
greater exposure of the oxidizable groups to Os (15).
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The type and function of the Fe-S centers contained in 
the protein have always been a natter of controversy. Based 
on erroneous Fe and labile sulfide determinations, the 
ensyae was initially reported to contain one [4Fe-4S] 
center, of the HIPIP type (16). Core extrusion experiments 
later showed that the metal centers can he extracted as 
three [4Fe-4S] type dusters (17).
Several mechanisms of catalysis have been proposed, in 
which the Fe-S centers are integral part of the active site 
and are also involved in electron transfer (10,14,16-20). 
Further elucidation of the molecular mechanism relies on 
detailed knowledge of the type and properties of the Fe-S 
centers present. Several recent spectroscopic studies have 
attempted to address this aspect.
The ensyme is brown in color and the absorption 
spectrum shows a major absorption band at 260 nm from the 
protein and a broad shoulder centered around 400 nm that is
attributed to S  > Fe charge transfer transitions from
the Fe-S centers. The reported absorption coefficients at 
400 nm vary between 26800 and 33500 M-*cmr* for the 
oxidised form, and between 25300 and 28600 H~icm-i for the 
reduced ensyme at the same wavelength (5,17).
The circular diohroism spectrum of the reduced ensyme 
in the visible region shows positive bands at 460 and 300 
nm, and negative bands at 540, 375, and 340 nm (18). The
spectrum does not change upon controlled oxidation with Oa, 
in contrast to that observed in the 8Fe ferredoxins. This
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difference has been taken as evidence that the 
configuration of the Fe-S chromophore is unique and 
distinguishes this hydrogenase froe the general electron 
transfer Fe-S proteins (18).
The KPR spectrum of the oxidised enzyme shows a 
rhombic signal with g-values at 2.10, 2.04, 2.00. The
average g-value is > 2, similar to that arising from 
a [4Fe-4S]*+ center, and for this reason the ensyme was 
thought to contain a HIPIP [4Fe-4S] center (16), even 
though the g-value anisotropy of the signal is not typical 
of this type of cluster. The reported spin quantitation for 
the signal varies between 0.07 to 0.7 spins/molecule (16- 
18). Similar signals for the ensyme in the oxidised state 
are exhibited by !L_ elsdenii (21) and L. vulgaris 
hydrogenases (22). Until recently, the quantitative 
extrusion results and the KPR spectra of the hydrogenase in 
the oxidised state were interpreted in terms of two 
diamagnetic [4Fe-4S]*+ and one S = 1/2, [4Fe-4S]*+ centers 
(10,19). However, the reported midpoint redox potential of 
-330 mV vfi NHE for the KPR active duster is much lower 
than that of a [4Fe-4S]*+. *♦ HIPIP center (typically 4350 
mV vs. NHE) (10,14,18). At about -400 mV yfi. NHE the reduced 
ensyme gives a complex EPR signal with £* v = 1.94 which has 
been reported to account for 0.7-1.8 spins/molecule (IB- 
18). This spectrum closely resembles that observed for H»- 
reduoed fcL elsdenii and IL. vulgaris hydrogenases. The EPS 
spectra of the latter ensymes taken at different 
frequencies indicate that the complexity of the spectrum
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originates froe intercluater spin interactions between two 
or more, S = 1/2, [4Fe-48]*+ centers rather than nuclear
hyperfine interactions (3).
Hdssbauer studies perforeed on the oxidised ensyme 
indicate that the center responsible for the rhonbic EPR 
signal is not of the BIPXP type but rather represents a 
novel type of Fe-S center (23,24). The 4.2 K Mdssbauer 
spectrum of 5 7 Fe-enriched oxidised hydrogenase is 
consistent with that expected for diamagnetic [4Fe-4S]*+ 
centers i.e. a quadrupole doublet with quadrupole splitting 
aEq = 1.35 am/s and isomer shift 8 - 0.45 mm/s. This
quadrupole doublet accounts for about 70X of the total Fe 
of the ensyme. However, there is no evidence for a 
paramagnetic component in Hdssbauer experiments at magnetic 
fields up to 60 aTesla that could be attributed to a 
[4Fe-4S]*+ HIPlP-type center.
ENDOR spectra of 5 * Fe-enriched and natural abundance 
oxidised hydrogenase at g = 2.10 give evidence of the 
presence of two distinct types of Fe with hyperfine 
coupling constants of +9.5 and +17 MHz (24). These values 
are much smaller than those of a [4Fe-4S]*+ HIPIP cluster 
(+21 and +31 MHz). These results indicate that the species 
responsible for the rhombic KPR signal in the oxidised 
ensyme is not an oxidised HIPIP center but rather is a 
novel center containing at least two Fe atosui.
Based on the different properties of the center that 
gives rise to the EPR signal in the oxidised ensyme, it has
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been suggested that It oould correspond to a 4-Fe center 
exchange-coupled to some 8 = 1/2 moiety (24). The
possibility for the presence of a cysteinyldisulfide 
radical as the S = 1/2 moiety that interacts with a
[4Fe-4S] center by exchange interactions has also been 
suggested based on the proposed existence of such 
interactions in the ferricyanide-treated 7Fe Fd from 
Asotobacter vlwalmdH (25). However, the small proton 
coupling constants found by ENDOR argue against this 
possibility (26).
It has been shown that CO binds to all Fe-only 
hydrogenases in a competitive way to , H2 . At low 
concentrations of CO the inhibition is completely reversed 
by light whereas it is not completely reversible at high CO 
concentrations (4,13,27). The light sensitivity has been 
taken as evidence of binding of CO to the active site since 
only iron carbonyls are known to be dissociated by light. 
In order to have some insight of the active site, the 
binding of this molecule to £* m u «  hydrogenase has
been investigated by EPR and ENDOR spectroscopies. When CO 
binds to the reduced enzyme, it gives rise to a very 
complex EPR signal that has not been deconvoluted yet (16). 
When the oxidized enzyme reacts with CO, the rhombic EPR 
signal is lost and is replaced by an axial signal with g// 
= 2.06 and gx = 2.00, which broadens when 1 *C0 is used,
suggesting that the CO binds directly to the species 
responsible for the oxidized EPR signal (16). Moreover, the 
ENDOR studies indicate that a CO binds to the novel
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paruagnetlc Fe center, since a single l*C resonance is 
observed and the value of the hyperfine coupling constant 
obtained from 1*C ENDOR (Ac = 21 MHz) lies within the range 
observed for inorganic iron-carbonyl clusters (26). The 
presence of two 57 Fe signals observed in the 57Fe ENDOR of 
the oxidised and GO-treated eneyies confirm that the novel 
Fe-S center remains intact upon CO coordination although 
the hyperfine coupling constants change, one doubles and 
the other reduces to half of the value of the oxidised 
enzyme (Arei = 9.5 MBs, Areic = 5.8 MHz; Ar«2 = 17 MHz, 
Are2C = 34 MHz). However, the EPR and ENDOR results do not 
give evidence of the type of CO binding existent in the 
enzyme.
The spectroscopic techniques used to date have yielded 
valuable information concerning the nature and properties 
of the Fe-S centers present in Fe-only hydrogenases. 
However, the detailed structural, electronic and magnetic 
properties of the novel cluster, in particular, still 
remain to be elucidated. Since the novel cluster appears to 
be unique to Fe-only hydrogenases, it constitutes the most 
likely candidate for the active site. The present study was 
undertaken to provide additional information concerning the 
constituent Fe-S centers in C^ . pasteuH bidirectional
hydrogenase by means of the novel approach of low 
temperature MCD spectroscopy combined with quantitative EPR 
spectroscopy.
115
3.1.2 RESULTS
3.1.2.1 CLOSTRIDIUM PASTEORIAKPM BIDIRECTIONAL HYDROGENASE 
OXIDIZED WITH THIONINE
As reported previously, the thionine-oxidised 
hydrogenase gives rise to a rhombic KPR signal with g- 
values at 2.10, 2.04, and 2.01 (Fig. 3-1). The g-values and 
relaxation characteristics are indicative of a paramagnetic 
transition aetal center with an S = 1/2 ground state.
Relative to other Fe-S centers the KPR signal exhibits slow 
spin relaxation. It can be observed at tenperatures as high 
as 70 K and starts saturating at 2 aW at approx. 20 K. At 
70 K power saturation is not evident at 100 aW.
An additional EPR signal is observed when the ensyae 
is oxidized with either large excess of thionine (>20-fold) 
for less than 1 ain or with a saall excess (<6-fold) over a 
prolonged period of tiae (-1 hour). Onder such conditions 
the enzyae loses SOX of its original activity and an axial 
signal with g-values at 2.07, 2.00, identical to that
observed in the GO-treated ensyae, develops in addition to 
the rhombic signal. At 11 K only the rhoabic signal is 
observed but it is lost as the teaperature increases 
because of relaxation broadening and the axial signal 
becoaes apparent. At 100 K only the slow relaxing axial 
signal is seen (Fig. 3-1). Combined, the axial and rhoabic 
signals account for about 0.20*0.01 spins/aoleoule. The 
axial signal alone integrates to about 0.15*0.02
116
210 204 100
*23ft
16
2.01
>16
—1 1 *  |__
310 315 320 325305
Fkid/mT
Figure 3-1. XFR spectra of (L MWtlfTlarffit bidirectional 
hydrogenase oxidised with * 80-fold «z o m i  of thionine. 
■nsyae (0.200 aH) in 50 aM KPi buffer, pH 7.2; with 508 
(v/v) ethylene glycol and frosen approx. 1 hour after the 
addition of thionine. Conditions: Microwave power, 1 wlf;
Modulation amplitude, 0.63 nT; wiorowave frequency, 8.98 
GHs; teaperatures, as indicated. Multiplication factors 
indicate relative gains.
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spins/molecule.
There Is no loss In activity when the ensyne Is 
treated with '5-fold excess of thionine and frosen in less 
than 10 nin after the addition of the dye. Under such 
conditions, only the rhoabic EPR signal is observed 
throughout the temperature range studied (Fig. 3-2). Spin 
quantitations for three distinct samples of enzyme gave 
values between 0.42 and 0.59 spins/molecule for this 
signal. A comparison of the spin quantitation values for 
typical samples treated with small and large excess of 
thionine is shown in Table 3-3.
The difference between the two types of thionine 
oxidized enzyme was only observed by EPR spectroscopy. It 
was not manifest in either the UV-visible absorption or 
low-temperature MCD studies performed in this work (Fig. 
3-3). The UV-visible absorption spectrum is relatively 
featureless with a broad shoulder centered at 400 nm
characteristic of multiple, overlapping S --- > Fe charge
transfer transitions from Fe-S centers. The MCD spectra at
4.5 T at temperatures between 1.5 and 92 K show broad, 
temperature dependent, positively signed bands throughout 
the visible region. Three major absorption bands are 
observed at 740, 600, and 470 nm, indicating the presence
of a paramagnetic Fe-S center. The spectra are not very 
intense; in no case are the MCD extinction coefficients 
greater than 100 M-icmri. Comparison with the low 
temperature MCD spectra that have been reported for
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TABLE 3 - 3
EPR SPIN QUANTITATIONS OF THIONINE-OXIDIZED CLOSTRIDIUM 
PASTEURIANUM BIDIRECTIONAL HYDROGENASE
TEMPERATURE (K) SPINS/MOLECULE
Large excess* Snail excess*
30 0.26 a 0.03* 0.51 a 0.05**
70 0.27a 0.03* 0.59 a 0.06**
100 0.15 a 0.02+
* Axial (g = 2.07, 2.01) plus rhonbic (g = 2.10, 2.04,
2.00) signals.
+ Axial (g = 2.07, 2.01) only.
** Rhombic (g = 2.10, 2.04, 2.00) signal only.
Enzyme oxidized with *20-fold excess of thionine and 
frozen after a prolonged period of time.
Enzyme oxidized with *5-fold excess of thionine and 
frozen in less than 10 min.
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Figure 3-2. DR sp ec tra  of fir «"’»  b id ire c tio n a l
hydrogenase ox id ised  w ith  * 6 -fo ld  excess of th io n in e . 
Bnsyne (0.131) rtf in  50 xH Tris/HCl b u ffe r , pH 6 .0; w ith  
50% (v /v) ethylene g lyco l end frosen  10 a in  a f te r  th e
add ition  of th io n in e . Conditions: Microwave power, 1 aW;
Modulation am plitude, 0.63 eT; aiorowave frequency, 9.00 
GBb; tem peratures, as ind ica ted . M u ltip lica tion  fa c to rs  
in d ica te  r e la t iv e  gains.
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Figure 3-3. 
tem perature
Boom tem perature O V -viiible absorp tion  and lorn 
MO) sp ec tra  o f th io n iae -o z id ised  (L  
b id ire c tio n a l hydrogenase. Enzyme (0.131 ell) 
in  50 eM Trie/HCl b u ffe r , pH 8 .0 ; w ith  50% (v /v) ethylene 
g lyoo l. Conditions fo r  MCD sp ec tra : Magnetic f ie ld ,  4 .8  T; 
path leng th , 0.16 cm; tem peratures, 1.60, 4.22, 6 .8 , and
19.7 K ( in te n s i ty  o f t ra n s i t io n s  increasing  w ith decreasing 
tem perature).
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paramagnetic Fe-S centers (2B), leads to the conclusion 
that thionine-oxidized bidirectional
hydrogenase does not contain a [4Fe-4S]*+ BIPIF-type 
center. In fact, the MCD spectra shown in Fig. 3-3 do not 
bear a close resemblance to those of any paramagnetic Fe-S 
center reported thus far. Thus, in common with Mdssbauer 
and ENDOR studies (24), the MCD data reported here indicate 
the presence of a novel type of Fe-center. In an attempt to 
ascertain the electronic ground state of the novel cluster, 
MCD magnetisation data were recorded at 740 and 470 nm 
(Fig. 3-4). Surprisingly, the data cannot be simulated 
using the g-values of the observed EPR signal. An isolated 
S = 1/2 ground state with g-values around 2 would be
expected to exhibit magnetisation curves with the data 
points at different temperatures all lying on a curve that 
should be fit well by simulated data with p v  = 2.
Inspection of Fig. 3-4 shows that this is not the case; the 
MCD magnetisation at both wavelengths (especially 470 nm) 
shows pronounced nesting indicative of the presence of low 
lying excited states that become populated at temperatures 
as low as 4.2 K. This nesting is still observed when the 
data are corrected for contributions to the MCD from 
diamagnetic chromophores, via extrapolation to o» 
temperature. Since sero field splitting is the most likely 
reason for the presence of low lying excited states, we 
conclude that the paramagnetic Fe-S center that is 
responsible for the MCD signal has a ground state spin, S > 
1/2 and is not the paramagnet that is responsible for the
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X = 740n mx«
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X=470nm
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Figure 3-4. MCD m agnetisation p lo ts  fo r  th l  onlne-oaid lsed  
SL. M a ta u f lin m  b id ire c tio n a l hydro ienaie . Temperatures: 
< •). 1.60 K; (x), 4.22 K; ( A ), 8 .8  K. Wavelengths, ea
ind ica ted ; Magnetic f ie ld s  between 0 and 4 .5  T. Solid  l in e  
rep resen ts  th e o re tic a l  m agnetisation curve fo r  giso * 2.04.
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observed EPR signal.
3.1.2.2 CLOSTRIDIUM PASTKORIANPM BIDIRECTIONAL HYDROGENASE 
REDUCED WITH DITHIONITE
As isolated, the ensyae Is In the reduced state, since 
it is purified in the presence of dithionite to ensure 
completely anaerobic conditions. To prevent the ensyme from 
turning over and becoming oxidised on thawing 
anaerobically, samples were thawed under an Ha atmosphere. 
UV-visible absorption studies gave no indication of further 
reduction on addition of large excesses of dithionite.
However, the EPR spectra of samples of the reduced 
hydrogenase do indicate differences in the level of 
reduction on the basis of the form of the spectrum and the 
observed spin quantitations (Table 3-4). In all cases a 
very complex signal with giv of 1.97, typical of reduced 
[4Fe-4S] centers of the ferredoxin type is observed. Some 
other features are seen at g = 2.09, 2.03, 2.01, 2.00,
1.94, 1.92, and 1.89. Similar complex spectra have
previously been observed in cases such as the 8Fe 
ferredoxins and have been attributed to intercluster spin- 
coupling between two, S = 1/2, [4Fe-4S]l+ centers (29).
When the ensyme is in the highest state of reduction, the 
absorption peaks at g = 2.03 and 1.92 are almost
undetectable. When the hydrogenase is only partially 
reduced the EPR spectrum is more resolved and shows 
features at g = 2.09, 2.03, 2.01, 1.99, 1.94, 1.92, and
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1.B9. A comparison of the EFR spectra of the dithionite 
reduced ensyme at different stages of reduction is shown in 
Fig. 3-5.
The species that gives rise to the EFR signal upon 
dithionite reduction relaxes faster than that of the 
oxidised ensyme . Power saturation commences at 20 mW at 
23 K but the spectrum can be quantified under non 
saturating conditions at 1 mW at about 13 K. The form of 
the spectrum changes with increasing temperature. No new 
features are observed but the relative intensity of the 
signals changes, as can be observed in Fig. 3-6. Such 
behavior is consistent with the spectrum originating from 
intercluster spin interaction. The spectrum is still 
detectable at 50 K. At higher temperatures it broadens
appreciably but some features can still be observed. A
noticeable aspect of the EFR studies concerns the spin 
quantitation determinations. At 20 K values between 2.7-3.0 
were consistently observed for several batches of the 
ensyme (Table 3-4); the highest value so far reported in
the literature is 1.6 (16).
Another interesting aspect that has not been reported 
before is the presence of an additional! low-field EFR 
signal at g = 5.7 at temperatures below 12 K (Fig. 3-6, 
insert). This signal is not present in the thionine- 
oxidised sample. Somewhat similar signals have recently 
been reported for the [4Fe-4S]1+ center in nltrogenase 
Fe-protein (30,31) and are attributed to the presence of
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TABLE 3 - 4
EFR SPIN QUANTITATIONS OF DITBIONITE-REDUCED CLOSTRIDIUM 
PASTEURIANUM BIDIRECTIONAL HYDROGENASE
SAMPLE SEINS^LECULE
13 K 20 K 30 E
A* 0.76 * O.OB
B* 2.07 * 0.02 —  1.77 * 0.02
C* 2.58 *0.23 2.94 *0.09 2.30 *0.13
A, B, and C relate to samples with EFR spectra shown in 
Fig. 3-5 (a), (b), and (c), respectively.
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209 2£>3 197 192 IB9
X4
X1.6
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310 320 330 340 350
Magnetic Field/m T
Figure 3-5. KPR ip « e tn  o f d ith ion ite -reduoed  CL 
BMtamrliBHi b id ire c tio n a l IvdroflMMM « t  d if fe re n t  s tag es  
o f reduction . (a) Less reduced ensyme; concen tration . 0.083 
nM, in  20 nH KPi b u ffe r , pH 7 .0 ; (b) ensyme a t  in term ediate 
s ta te  o f reduction; concen tra tion , 0.105 aM, in  60 nM 
Tris/HCl b u ffe r , pH 8 .0 ; (o) ensyme a t  h igher s ta te  of
reduction; concen tra tion , 0.133 aM, in  50 aM Tria/HCl 
b u ffe r, pH 8 .0 . A ll sanples w ith  SOX (v /v) ethylene g lyco l. 
Conditions: Microwave power, i  nW; modulation amplitude,
0.63 mT; microwave frequency, 8.88 OBs; tem peratures, (a ) , 
12 K; (b ), 13 K; (c ) , 15 K. M u ltip lica tio n  fa c to rs  in d ica te  
r e la t iv e  gains.
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Figure 9-6. KPR s p M tn  o f d ith io n ite -red u o ed  0. 
■ M tan rlinae  b id ire c tio n a l kfdcoiMMM. b i | M  (0.196 aM) 
in  50 eM Tris/HCl b u ffe r pB 8 .0 ; w ith  BOX (v /v ) ethylene 
g ly co l. Conditions: Microwave power. 1 nil; Modulation
amplitude, 0.63 >T; Microwave frequency. 6.90 GHa; 
tenp era tu rea . as  in d ica ted . In se r t:  Microwave power. 10 mW; 
Modulation aap litu d e , 0.63 mT; Microwave frequency. 9.47 
GHa; ten p era tu re , 4 K; pain . 1.6x10*. M u ltip lica tion  
fa c to rs  in d ica te  r e la t iv e  pains.
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[4Fe-4S]i+ cen te rs  w ith S = 3/2 ground s ta te s .  I t  seems 
l ik e ly  th a t  a s im ila r s i tu a tio n  e x is ts  fo r  some of the  
[4Fe-4S]*+ cen te rs  in  reduced hydrogenase. A spin 
q u an tita tio n  of th e  s ig n a l cannot be done u n t i l  fu rth e r  
inform ation i s  obtained about th e  sp in  s ta te  and zero f ie ld  
param eters of th e  species responsib le  fo r  th e  EFR 
tra n s i t io n .
The UV-visible absorption spectrum fo r  th e  d ith io n ite -  
reduced hydrogenase (Fig. 3-7) shows a decrease in  the  
absorption a t  400 nm, co n sis ten t w ith reduction of the  
Fe-S cen te rs . The low tem perature MCD spec tra  show 
tem perature dependent t ra n s i t io n s  throughout th e  v is ib le  
region, in d ica tiv e  of paramagnetic Fe-S cen te rs  (Fig. 
3-7). The spec tra  ex h ib it broad p o s itiv e  bands a t  740, 
540, 460, 430, 400, and 375 nm; a  weak negative band i s
observed a t  640 nm whereas a more in tense  one i s  detected  
a t  320 nm. The MCD spectrum a t  70 K in d ica te s  a small 
diamagnetic con tribu tion  below 400 nm. The form of the 
spectrum i s  s im ila r to  th a t  observed fo r  S = 1/2 [4Fe-4S]*+ 
cen te rs  in  ferredoxins from £L. and D.
■fr^iiniiR (32). However, th e  MCD in te n s ity  i s  a t  le a s t  
double th a t  expected from only two S = 1/2 [4Fe-4Sj* +
cen te rs . The form of the  low tem perature MCD spectrum was 
not s ig n if ic a n tly  d if fe re n t  fo r  p a r t ia l ly  reduced samples. 
However, th e  MCD in te n s ity  was approximately proportional 
to  the  EFR sp in  q u an tita tio n s  of th e  sample.
M agnetisation data  taken a t  740, 540, 470, and 430 nm
(Fig. 3-8) show th a t  a t  540 nm th e  t r a n s i t io n  can be
300 400 500 600 700 800
X/nm
Figure 3-7. B o o a taap era tu re  OTMrisible absorption and 
low teap e ra tu re  MCD sp ec tra  o f  d ith ion ite -reduoed  C*. 
naetaurlanua b id lro o tio a a l hydrogenase. Knayae (0.136 aM) 
in  50 aM Tris/HCl b u ffe r , pH 8.0 ; w ith  50% (v/V) ethylene 
g lyco l. Conditions fo r  MCD sp ec tra : Magnetic f ie ld ,  4 .5  T; 
path length , 0.16 oa; te ap e ra tu re s , 1.62, 4.22, 6 .0 , and 73 
K ( in te n s i ty  o f tr a n s i t io n s  increasing  w ith decreasing 
te a p e ra tu re ) .
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Figure 3-8. MCD Magnetisation plots for dlthloalte-reduoed 
L  naa teu rianm  bidirectional hydrogenase. Temperatures:
( • )>  1.62 K; ( x )» 4.22 K; ( a  ) , 8 .9  K. Wavelengths, as
ind ica ted ; eagnetia  f ie ld s  between 0 and 4 .5  T. Solid  l in e  
rep resen ts  th e o re tic a l  m agnetisation curve fo r  giao = 1.94.
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assigned almost exclusively’ to  an S = 1/2 [4Fe-4S]*+
cen te r s ince  th e  experim ental curve i s  w ell sim ulated w ith 
an iso tro p ic  g-value of 1.94. However, a t  the  o ther 
wavelengths th e  data a re  no t s a t i s f a c to r i ly  sim ulated by 
th e o re tic a l  curves based on th e  observed S = 1/2 EPR
sig n a l, ra th e r  the  p lo ts  show pronounced n esting  th a t  i s  
wavelength dependent. C learly  paramagnetic Fe-S cen te rs  
w ith S > 1/2 ground s ta te s  a re  a lso  co n trib u tin g  to  th e  
observed low tem perature MCD spectrum.
3 .1 .2 .3  OXIDIZED CLOSTRIDIUM PASTEURIANPM BIDIRECTIONAL 
HYDROGENASE TREATED WITH CO
When th e  th ion ine-ox id ized  enzyme i s  thawed under and 
exposed to  a CO atmosphere fo r  about 5 min, th e  EPR 
spectrum changes completely to  an a x ia l s ig n a l w ith g- 
values a t  2.07, 2.00. The s ig n a l corresponds to  a very slow 
re lax ing  species th a t  i s  sa tu ra ted  a t  1 aW a t  tem peratures 
below 30 K. The spectrum does no t change appreciably in  the  
tem perature range 13-100 K, although i t  shows re lax a tio n  
broadening above 100 K. Below 12 K two shoulders are  
observed a t  g = 2 . 1 0  and 2.02 (Fig. 3 -9 ). The sig n a l 
in te g ra te s  to  about 0.23-0.26 spins/m olecule fo r  th re e  
d if fe re n t  samples of enzyme. These values only correspond 
to  about 50% of those of the  rhombic EPR s ig n a l. Also, no 
d iffe rence  in  th e  spin q u an tita tio n  was observed when th e  
s ta r t in g  sample was oxidized w ith e i th e r  small o r la rge  
excess of th io n in e .
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f ig u re  3-9. KPR sp ec tre  of CO-treated {L naataurianum 
b ld ire o tio a a l h j d r o f u u e . Enzyme (0.039 eM) in  50 mM 
Tris/HCl b u ffe r , pB 8 .0 ; w ith  50% (v /v ) ethylene g ly co l. 
Conditions: Microwave power, 1 aV; modulation amplitude,
0.63 sT; microwave frequency, 8.99 GBb; tem peratures, as 
in d ica ted . M u ltip lica tio n s fa c to rs  in d ic a te  r e la t iv e  gains.
133
The low temperature MCD spectra taken at temperatures 
between 1.5 and 42 K closely resemble those of the 
thionine-oxidized enzyme, with three broad positive bands 
at 740, 590, and 480 nm, all of them showing extinction
coefficients < 100 M-icm-1 (Fig. 3-10). The most noticeable 
difference between the thlonlne-oxldlsed and thionine- 
oxidlzed plus CO MCD spectra Is a shift to higher energy of 
approximately 10 nm for the band at approximately 600 nm. 
Magnetisation data obtained at 740 nm, shown in Fig. 3-11, 
is very similar to that observed for the thlonlne-oxldlsed 
ensyme without CO. In summary, it appears that the observed 
paramagnetic MCD spectrum and the magnetisation data of the 
thlonlne-oxldlsed hydrogenase are not significantly 
perturbed by the addition of CO.
3.1.2.4 CLOSTRIDIUM PASTEPRIANOM BIDIRECTIONAL HYDROGENASE 
TREATED WITH AIR
To ensure that none of the obtained results were 
caused by involuntary air damage during the handling of the 
samples, both the oxidized and reduced enzymes were 
purposely thawed and exposed to air before refreezing. The 
EPR spectra of the samples were compared at the same 
temperature before and after exposure to air.
The rhombic EPR signal of the thionine oxidized 
enzyme converts to the axial "CO-type" signal but not 
quantitatively (Fig. 3-12). The spectrum yields only 0.09 
spins/molecule at 70 K. Thionine becomes oxidized on
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Figure 3-10. Low temperature MCD spectra of 00-treated C. 
BlBifilueilim bidirectional hydrogenase. Enzyme (0.131 aM) 
in SO wM Tris/BCl buffer, pH 6.0, with SOS (v/v) ethylene 
glyool. Conditions: Magnetic field, 4.S T; pathlength, 0.16 
cm; tewperatures, 1.64, 4.22, 6.7, and 42 K (intensity of 
transitions increasing with deoressing temperature).
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Figure 3-11, MCD Monetisation plot for 00-treated Q. 
paateurianua bidireotional hydrogenase. Temperatures: (• ), 
1.54 K; ( X ), 4.22 K; ( A ), 8.7 K. Wavelength, as
indicated; eagnetic fields between 0 and 4.5 T. Solid line 
represents theoretical magnetization curve for gioo = 2.04.
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figure 3-12. XFR gpeetra of thionine-oxidised (L 
paetenrliBue bidirectional hrdrogeuie before (upper panel) 
and after (lower panel) exposure to air. Knayae (0.127 aM) 
in 50 aM Tris/HCl buffer, pB 0.0; with 50% (v/v) ethylene 
Clyool. Conditions: Microwave power, 1 aM; modulation
aaplitude, 0.63 aT; nlorowave frequency, 9.00 Gfls;
temperature, 14 K. Multiplication factors indicate relative 
gains.
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exposing the sample to oxygen and the enzyme turns deep 
purple. For this reason it was not possible to obtain an 
MCD spectrum of this sample.
The EPR signal of the dithlonite-reduced ensyme is 
lost and is replaced by an isotropic signal with g = 2.01
(Fig. 3-13), similar to that observed for oxidised [3Fe-xS] 
centers. However, the signal is very weak, integrating to 
only 0.02 spins/molecule. Therefore, it seems probable that 
aerial oxidative damage results in partial oxidative 
degradation of one or more of the tetranuclear clusters, as 
has been demonstrated for m m  Fd (33) and D.
gigas Fd 11 (34).
The low temperature MCD of the corresponding species 
only shows a broad temperature-dependent positive 
absorption band with maxima discernible at 430 and 470 nm 
(Fig. 3-14). In view of the temperature dependence it seems 
possible that non-speclfically bound high spin Fe(III) ions 
are responsible for the MCD of the signal. Of more 
importance is that the spectrum is clearly different from 
that of the thionine-oxidized or the dithionite-reduced 
samples, showing that 02-damage is not responsible for the 
observed MCD spectra of these samples.
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Figure 3-13. IPS spectre of dithionite-reduoed C.
bidirectional hjdrofuut before (upper panel) 
and after (lower panel) exposure to air. Inzyae (0.105 aM) 
in 50 aH Trin/HCl buffer, pH 8.0; with 50% (v/v) ethylene 
glycol. Conditions: Microwave power, 1 aW; aodulation
aaplitude, 0.63 aT; niorowave frequency, 9.00 GBn; 
teaperature, 14 K. Multiplication factors indicate relative 
gains.
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Figure 3-14. Boca teaperature OT-visible absorption and 
low tanpsratura MCD spectra of dithionite-reduoed (L 
naatenrianun bidireotloaal hydrogenase treated with air. 
Knsyne (0.133 aM) In 50 aM Tris/HCl buffer, pB 6.0; with 
50% (v/v) ethylene glyool. Conditions for MCD speotra:
Magnetic field, 4.5 T; pathlength, 0.16 on; teaperatures, 
1.66, 4.22, 8.0, and 90 K (intensity of transitions
increasing with decreasing tenperature).
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3.1.3 DISCUSSION
The low temperature MCD and EFR studies of the 
thionine-oxidised »nnm bidirectional hydrogenase
reported here provide some insight as to the nature of the 
constituent Fe-S centers. The MCD spectra of C.
»ryn» bidirectional hydrogenase furnish unequivocal 
evidence that a BIPIP [4Fe-4S]3+ center is not present in 
the ensyme. Rather the form of the spectrum does not 
resemble that of any known Fe-S center and is indicative of 
the presence of a new type of paramagnetic Fe-S center. 
These results are in accordance with combined ENDOR and 
Mossbauer studies (24), which suggest the presence of a 
novel type of cluster, different from the conventional 2- 
Fe, 3-Fe, and 4-Fe centers. In addition, the MCD 
magnetisation data indicate that the observed transitions 
do not arise from the same ground state that is responsible 
for the rhombic EFR signal. Mdssbauer studies have given 
evidence that two of the [4Fe-4S] centers are in the 2+ 
state, therefore they are diamagnetic and should show very 
weak and temperature independent MCD. Thus the observed 
temperature dependent MCD spectrum for the thionine- 
oxldised ensyme must arise from an additional 
paramagnetic, but EFR-silent Fe-S center with S > 1/2. The 
spin state is most likely integer since no EPR signal is 
observed but a half-integer cannot be ruled out for there 
is evidence that the P clusters in nitrogenase have S = 5/2
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ground state and are EFR silent (35).
During the course of this work, low temperature MCD 
studies of oxidised IL. vulgaris and elsdenil
hydrogenases were reported (36,37). The spectra and 
magnetisation data are similar to those reported here, and 
attest the presence of an analogous novel Fe-S center in 
these Fe-only hydrogenases. There are significant 
differences below 450 nm in the spectra reported for 
oxidised L. vulgaris hydrogenase (36), but it should be 
noted that the sample used for MCD investigations did not 
exhibit the rhombic EFR signal (g = 2.11, 2.05, 2.00)
characteristic of the fully active oxidised ensyme, but 
rather the axial EFR signal (g = 2.07, 2.00). As discussed
below, we have found that the axial signal appears on 
prolonged exposure to oxidants and/or 02 with concomitant 
loss of ensymatic activity. As a result of the MCD studies 
of oxidised JL vulgaris and IL elsdenli hydrogenases 
(36,37), it was proposed that the observed EFR signal 
arises from a non-chromophoric radical species rather than 
an Fe-S center. This would explain the absence of any 
detectable MCD signals for the paramagnet responsible for 
the EFR signal. In view of the recent results for 
ferricyanide-treated A*. Fd I (25), a
cysteinyldisulfide radical formed by three-electron 
oxidation of a [4Fe-4S] center would be the most likely 
candidate. However, recent 57Fe and 1H ENDOR studies of 
thionine-oxidised £*. MWlia bidirectional hydrogenase
argue against such an hypothesis (26). First, the 57Fe
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ENDOR clearly deaonstrates that the unpaired electron is 
associated with two equivalent sets of Fe atoas. Second, 
the aagnitude of the proton hyperfine coupling constants 
rules out the possibility of a cysteinyl-sulfide or 
-disulfide radical.
At the present tine, it seeas that coabination of the 
results froa all the techniques leads to the hypothesis 
that the species responsible for the rhombic EFR signal is 
the product of an exchange-coupling between an S = 1/2
center and the novel, EPR-silent, Fe-S center with S > 1/2 
that is observed by MCD spectroscopy. The low spin 
quantitations obtained by EPR argue in favor of this 
hypothesis since low values are usually indicative of the 
presence of such interaction. It is noteworthy that a 
siailar type of EFR signal with low spin quantitation has 
been attributed to exchange-coupling between an S = 1/2
[4Fe-4S]i+ center and a n S = l o r S = 2  Fe(II) siroheae in 
E. coli sulfite reductase (38,39).
Since no aetals other than Fe are present in C.
bidirectional hydrogenase, and a radical 
species seeas unlikely, the only reasonable possibility for 
an S = 1/2 species is a low-spin, non-heae, Fe(III) center. 
This center would need to have predoainantly N or 0 
coordination, since an Fe(III) coordinated by cysteine 
would be expected to exhibit intense, teaperature-
dependent S --- > Fe charge transfer transitions in the
low teaperature MCD spectrum between 400 and 600 nn, which
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are not observed. An Fe(XIl) center with N or 0 ligands
would be expected to exhibit charge transfer transitions
only below 400 nn. This hypothesis is difficult to test by 
MCD since the spectra are very noisy in this region due to 
protein absorption and prohibit the collection of adequate 
Magnetisation data.
When oxidized pasteurianun bidirectional
hydrogenase is treated with CO, the axial EFR signal that 
is observed is identical to the one obtained when the 
oxidized enzyme is treated with air or excess thionine, or 
when the enzyme is kept at room temperature for a long
period of time after the addition of the oxidant. These
changes are accompanied by an appreciable decrease in 
activity. At present, the relationship between these 
treatments and the resultant EFR signal is unclear. 57Fe 
and 1 *C ENDOR experiments with 57Fe-enriched, thionine- 
oxidized enzyme treated with 18C0, clearly demonstrate that 
the unpaired electron associated with the axial g = 2.07,
2.00 signal of the CO-treated sample is delocalized over
both Fe and CO (26). However, the samples treated with
excess oxidant or air were never exposed to significant 
levels of CO. We conclude that the axial EFR signal is not 
a unique property of the CO-treated enzyme but rather can
arise as a result of a conformational change of the
oxidized enzyme in the presence of excess oxidant and/or by 
binding of Os or thionine to the oxidized enzyme. 170 ENDOR 
experiments on samples exposed to *7Os would be useful in 
this regard. One conclusion that can be made is that as 00,
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thionine, and 02 are all inhibitors of the enzyme, the 
axial EFR signal is probably associated with inactive 
enzyne. It is noteworthy that the axial EFR signal is 
generally the only signal that is observed for samples of 
oxidised, as^gfeis&Uz-isolated XU Yttlflfglft hydrogenase (2). 
The results presented here suggest that it is advisable to 
repeat the spectroscopic/activity studies of 2L. vulgaris 
hydrogenase with ewaeyofaioallr-isolated ensyme. 
Furthermore, our results support the findings of Khan et 
al. (15) by showing that excess thionine does indeed result 
in partial inactivation of the ensyme. Clearly great care 
must be exercised if thionine is to be used as oxidant for 
Fe-only hydrogenases.
It is interesting to note that while CO and excess 
thionine cause major changes in the EFR spectrum of the 
oxidised ensyme, they result in only minor changes to the 
low temperature MCD spectrum. It can be concluded that CO 
does not bind to and thus perturb the electronic and 
magnetic properties of the novel S > 1/2 Fe-S center that 
is observed by low temperature MCD spectroscopy. This 
observation is readily accomodated within the framework of 
the proposed model, provided that CO and excess thionine 
only perturb or bind to the S = 1/2, Fe(III) component of 
the exchange-coupled species, leaving the other S > 1/2 
Fe-S center component unaltered. The MCD data indicate that 
Oa also causes almost completely breakdown of the novel 
Fe-S center and this presumably accounts for the very low
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spin quantitation of the axial EFR spectrum in 02-treated 
samples, and the irreversible Oa inactivation. The fact 
that the conversion of rhombic to axial EFR signals is 
never quantitative in terms of spin concentration adds
further support to the notion that the EFR signals in the
oxidised ensyme originate from a complex exchange
interaction between two paramagnetic species, rather than 
from a simple S = 1/2 Fe-S species.
The EFR spectrum of the dithionite-reduced C.
pasteur* » m m  bidirectional hydrogenase under H2 gives a 
very complex signal that can be detected up to 50 K. It 
closely resembles those of reduced JL. vulgaris and M. 
elsdenii hydrogenases, which account for about 1.5 
spins/molecule in each ensyme (3). The study of the spectra 
of reduced IL. vulgaris and elsdenii hydrogenases at 
different frequencies suggests the presence of electron 
spin interactions between reduced [4Fe-4S] centers. The 
same can be concluded for <L_ bidirectional
hydrogenase. This coupling has to be less than 1 cm-i in 
order to observe an EFR signal.
The low temperature MCD spectrum of the reduced 
hydrogenase is characteristic of reduced [4Fe-4S] centers. 
Previous MCD studies of [4Fe-4S)*+ centers (32) indicate 
that the MCD extinction coefficients per center at 2 K and
4.5 T are very similar, ranging between 26 and 37 M~icmr* 
at 740 nm, and between 47 and 52 H"1car* at 530 nm. On this 
basis, the intensity of the MCD spectrum of the reduced 
hydrogenase would indicate 3-4 reduced [4Fe-4S] centers.
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Spin quantitation of the EFR spectrum of the reduced 
samples maximally accounted for three spins/molecule. In 
this regard* it should be mentioned that core extrusion 
studies provided evidence for three [4Fe-4S] centers (17). 
Therefore* the spectroscopic measurements reported here 
support the existence of three [4Fe-4S)1+ centers in the 
reduced hydrogenase. For this to be so either the iron and 
acid labile sulfide determinations are in error or the 
novel center that is observed in the oxidised ensyme 
behaves like a [4Fe-4S]l+ center on reduction. At present 
we are unable to decide between these alternatives. 
However, the molecular weight determinations and the 
subsequent Fe and acid labile sulfide determinations have 
been questioned lately for fit vulgaris hydrogenase (40). 
Based on the results of nucleotide sequence and gel 
electrophoresis for this ensyme, the Fe and labile sulfide 
contents were recalculated, yielding “14 Fe atoms and 14 
S2- per mole. This precedent sets doubts about the correct 
metal determinations in the other Fe-only hydrogenases 
since they are not based on the exact molecular mass.
The final question arising from these results that 
needs to be addressed concerns the identity of the 
additional paramagnetic S > 1/2 species that is
contributing to the MCD spectrum of the reduced ensyme. At 
present there appear to be two possibilities. The first is 
that the S > 1 species present in the oxidised ensyme is 
also present in the reduced state. Presumably the low-spin
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Fe(lll) coupled to the novel cluster Is reduced to low-spin 
Fe(II) and would not show any temperature dependent MCD. 
This hypothesis is examined in Fig. 3-15, in which the MCD 
spectrum of the oxidised ensyme is subtracted from that of 
the reduced; it can be observed that the difference 
spectrum still resembles that of the reduced 4-Fe centers. 
The MCD intensity of this spectrum would still account for 
approximately three reduced centers.
The observed magnetisation data (Fig. 3-8) are 
consistent with the above interpretation, since the 
relative contribution of the novel species in the oxidised 
ensyme to the MCD is not the same at all wavelengths. By 
comparison of the spectra, the magnetisation data at 540 
and 430 nm should be relatively unaffected, whereas the 
data at 740 and 470 nm, where the novel species has 
significant intensity, should exhibit the most pronounced 
nesting and deviation from an S = 1/2 magnetisation curve. 
Inspection of Fig. 3-8 shows that this is indeed the case. 
The data at 740 and 470 nm can satisfactorily be simulated 
as a superposition of thionine-oxidised magnetisation at 
these wavelengths (Fig. 3-4) and the theoretical S = 1/2
magnetization curve. The second possibility is that some of 
the [4Fe-4S]1+ centers exist with an 8 = 3/2 ground state. 
This Is supported by the presence of a g = 5.7 EPR signal 
at low temperatures. At the present moment, with the 
current amount of available information it is not possible 
to decide between the two alternatives.
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Figure 3-15. Upper penal: MCD epecrtra of thioaine-oxidiaed 
end dithionite-reduoed (L neeteurieniin bidlreotional 
hgrdroaenene. Lower panel: Dlfferenoe speotrun. Condltlona:
Magnetic field. 4.5 T; tenperature, 1.61 K.
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3.2 CLOSTRIDIUM PASTEURIAHUM UPTAKE HYDROGENASE.
3.2.1 INTRODUCTION.
Although the presence of a unidirectional hydrogenase 
in aerobic N2-fixing organisms has been recognised for a 
long time (64), its existence in anaerobic N2-fixing 
bacteria was only reported in 1978, when the uptake 
hydrogenase from TT*?1*1 was isolated and purified
by Chen and Blanchard (41). The uptake hydrogenase, or C.
nniim hydrogenase II, has been reported to be the 
major H2-oxidising ensyme in cells grown under N2-fixing 
conditions (14). However, later evidence provided by Adams 
and Mortenson (42) indicates that the difference in the 
amount of uptake hydrogenase present in cells grown under 
N2 or NHs is very small.
The uptake ensyme differs from the bidirectional 
hydrogenase from the same organism in that the uptake 
hydrogenase has a lower molecular weight (53000 Da), is 
less negatively charged and produces Ha from reduced Fd or 
MV at extremely low rates (4,14). Although it was initially 
reported that the ensymes have different locations in the 
cell (14), it is currently believed that both ensymes are 
located in the cytoplasm, and both are equally sensitive to 
02 (4). Some physicochemical and catalytic properties of
the uptake hydrogenase are listed in Table 3-5.
Like the other Fe-only hydrogenases, the ensyme is
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TABLE 3 - 5
PHYSICAL AND CHEMICAL PROPERTIES OF THE UPTAKE HYDROGENASE 
FROM CLOSTRIDIUM PASTEURIANUM
PROPERTY VALUE REF.
Molecular weight (Da) 53000 42
Polypeptide chains 1 42
Location cytoplasm 42
02 sensitivity very sensitive
Purification conditions anaerobic 42
Fe (g atom/mole) 8 42
Labile sulfide (moles/mole) 8 42
Vm , Ha evolution (a) 7.6 42
( fiaoles H2/min.mg)
Vm, H2 uptake (b) 25800 42
( ft moles Ha/min.mg)
Specific activity 3000 4
( ft moles H2/min.mg)
Extinction coefficient (420 nm) 27200 (ox.)(c) 4
M-icm-i
23000 (red)(d) 4
(a) MV as electron carrier
(b) MB as electron carrier
(c) Air-oxidised ensyme
(d) Ha-reduced ensyme
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Inhibited bjr CO (41). However* unlike the bidirectional 
hydrogenase, the CO inhibition is irreversible* even at low 
00 concentrations. Also* in contrast to that observed in 
hydrogenase I* o-phenanthroline and 2,2’-bipyridy1 inhibit 
hydrogenase II. The effect of other potential inhibitors is 
similar for both hydrogenases (4).
Ferredoxin acts as the natural electron carrier for 
the uptake hydrogenase but the ensyme also catalyses Ha 
oxidation with MV, BV, MB* FAD* and FMN (43). The ensyme 
shows an increase in Ha uptake activity between pH 7 and
10.5 with MB as electron carrier, but shows an optimum 
value of 11.4 in the presence of MV (4). This behavior is 
similar to that observed for the fi*. pasteurianum 
bidirectional hydrogenase although the optimum pH values 
are slightly lower for the latter ensyme. The Ha evolution 
catalysed by the uptake hydrogenase has an optimum pH of 
9.1, which is an unusually high value when compared with 
the other hydrogenases studied thus far* for which the 
optimum pH value is 7 or less (4).
The differences between the two hydrogenases from C, 
j>wiim suggest different physiological functions for 
each hydrogenase. Although the specific role of the 
unidirectional hydrogenase is not clear yet, it seems 
unlikely that the the hydrogenase functions intimately with 
the nitrogenase system to increase the efficiency of 
nitrogen fixation. Such a role has been proposed for the 
hydrogenases from aerobic Ms-fixing bacteria (42).
Metal determinations for the ensyme show that it
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does not contain Mi or any natal other than Fe in 
significant amounts (4). Determinations of the Fe and 
inorganic sulfur contents yield 8 g atom of Fe and 8 moles 
of acid labile sulfides per mol of ensyme (42). Core 
extrusion experiments indicate the presence of two [4Fe-4S] 
centers (4,43).
The uptake hydrogenase is dark green in color and the 
UV-viaible absorption spectrum of the air oxidised ensyme 
is characteristic of Fe-S proteins, showing a broad 
absorption band centered around 420 nm, assigned to S — > 
Fe charge transfer transitions. When the ensyme is reduced 
with Ha, the absorption at this wavelength decreases, as 
expected for Fe-S proteins. The absorption decreases even 
further by addition of dithionite. Surprisingly, the 
absorption spectrum does not show change in the absorption 
of the H2-reduced enzyme at the mentioned wavelength when 
the atmosphere is exchanged by Ar, indicating that the 
enzyme does not reoxidize under Ar. This behavior contrasts 
with that of the bidirectional hydrogenase, in which the 
replacement of Ha by Ar causes an increase in the 
absorption, similar to that caused by air (4). This 
different behavior suggests that one or more of the Fe-S 
centers have higher redox potential in the uptake 
hydrogenase, therefore they are more difficult to 
reoxidize, or that Ha binds more tightly to the uptake than 
to the bidirectional hydrogenase.
Preliminary EPR spectra have been reported for the
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thlonlne-oxldlsed and dlthlonlte-reduced forms of the 
uptake hydrogenase. The KPR spectrum of the thlonlne- 
oxldlsed uptake hydrogenase shows a sharp rhoaiblc signal 
with g = 2.08, 2.03, 2.00, that has tentatively been
attributed to a [4Fe-4S]*+, oxidised BIPIP-type center (4). 
However, in view of the above results for the bidirectional 
ensyne, it seems unlikely that this assignment is correct 
since the signal is very similar to those observed in the 
bidirectional hydrogenase of the same organism and in the 
hydrogenases from elsdenii and IL. vulgaris (21,22). The 
EPR spectrum of the dithionite-reduced ensyme shows a 
rhombic signal with g»v = 1.96, similar to that of a 
[4Fe-4S]*+ center. The lack of complexity in the EFR 
spectra of both the oxidised and reduced ensyme suggests 
that each signal arises from a single non-interacting 
cluster (4,43).
The work presented here describes detailed low 
temperature EPR and MCD studies of the thionine-oxidised 
and dithionite-reduced uptake hydrogenase. The principal 
objective was to establish whether or not a common active 
site exists for both the uptake and bidirectional 
hydrogenases from mwtmnrlmnnm- If a common active site 
does indeed exist, then the uptake hydrogenase is a more 
attractive ensyme to investigate this center, since it 
appears to contain fewer additional Fe-S centers.
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3.2.2 RESULTS
3.2.2.1 CLOSTRIDIUM PASTEURIANUM UPTAKE HYDROGENASE 
OXIDIZED WITH THIONINE
In agreement with previous studies (4,43), samples of 
thlonlne-oxldlsed C^ _ nasteur* u p t a k e  hydrogenase 
exhibit a rhombic EFR signal with g-values at 2.08t 2.03,
2.00 (Fig. 3-16). The rhombic signal corresponds to a 
relatively slow relaxing species that starts to saturate at 
powers greater than 1 mW below 30 K. At 70 K, it is not 
saturated even at 100 mW, however the signal already shows 
some relaxation broadening, and by 100 K it cannot be
detected. Below 14 K some additional features at g = 2.09,
2.02 are observed. The overall spectrum is probably the
composite of two rhombic signals with g-values at 2.08, 
2.03, 2.00, and 2.09, 2.02, 2.00 that probably arise from
the same paramagnet and, therefore, represent some
heterogeneity of the species responsible for the EFR 
signal. No additional signals are observed from 0 to 5000 
6. EFR spin quantitations at 30 and 70 K and 1 mW, indicate 
that the g = 2.08, 2.03, 2.00 species corresponds to about
0.45*0.05 spins/molecule. With the EFR spectrometer 
available at the time, it was not possible to determine the 
spin concentration of the spectra at 6 K and hence the
contribution for the g = 2.09, 2.02, 2.00 species under non 
saturating conditions. The uptake hydrogenase is affected
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f ig u re  3-16. KFR ip a o tn  o f IL. uptake
lq rd ro |enu«  oxid ised  w ith  * 8 -fo ld  exoeae o f th ion ine . 
Ensyme (0.101) nM in  100 oH Tria/BCl b u ffe r , pH 6.0 ; w ith 
50% (v/v) ethylene glycol end frozen 10 e in  a f te r  th e
add ition  of th io n in e . Conditions: Microwave power, 1 aW;
Modulation a sp litu d e , 0.63 >T; microwave frequency, 9.00 
GHz; tem peratures, as ind ica ted . M u ltip lica tio n  fa c to rs  
in d ica te  r e la t iv e  gains.
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s im ila r ly  to  th e  b id ire c tio n a l ensyme when la rg e r  excesses 
of th ion ine  o r la rg e r incubation periods a re  used fo r 
ox idation . When th e  ensyme i s  tre a te d  w ith a small excess 
of th ion ine  (~8-fold) and frozen in  le s s  than  10 min, only 
KPR s ig n a ls  shown in  Fig. 3-16 are  observed. However, when 
th e  ensyme i s  tre a te d  w ith a la rg e r  excess of th io n in e , o r 
when i t  i s  kept a t  room tem perature fo r  periods of more 
than  an hour a f te r  th e  add itio n  of th e  oxidant, an 
ad d itio n a l EPR s ig n a l, c h a ra c te r is t ic  of th e  CO-treated 
enzyme appears in  th e  range g = 2.03-2.00 (F ig. 3-17). The 
s ig n a l i s  no t w ell resolved a t  low powers s ince  i t  overlaps 
w ith th e  o th e r fe a tu re s  p resen t bu t i t  corresponds to  a 
f a s te r  re lax in g  species than th a t  o rig in a ted  from the  
treatm ent w ith  small excess of th io n in e . Therefore, th e  
ad d itio n a l fe a tu re s  a re  only c le a r ly  observed below 30 K 
and are  b e t te r  detec ted  a t  h igher microwave powers, such 
as 20 mW. Within experim ental e r ro r , no d iffe ren ce  was 
found in  th e  sp in  q u an tita tio n s  of th e  g = 2.08, 2.03, 2.00 
of th e  enzyme tre a te d  w ith sm all o r la rg e  excess of 
th io n in e , in  c le a r  d iffe ren ce  w ith th e  b id ire c tio n a l 
hydrogenase.
The room tem perature UV-visible absorption  spectrum i s  
c h a ra c te r is t ic  o f Fe-S p ro te in s . I t  shows a broad
absorption peak a t  around 420 nm, assigned to  S ----> Fe
charge t ra n s fe r  t ra n s i t io n s ,  and a sharp peak a t  260 nm, 
corresponding to  absorption from th e  p ro te in  (F ig. 3-16). 
The low tem perature MCD of th e  th ion ine-ox id ised  enzyme 
taken a t  1.66, 4.22, 10.9, and 45 K, and 4 .5  T, in d ica tes
n rjiM y  t y  
«*tan 10*0 toot
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Figure 3-17. KPS sp ec tre  o f SL. eaataurlanua uptake 
hydrogenase oxid ised  w ith  * 20-fo ld  excess o f th lo s ls e  (a -
d ); (e) KPR spectruu o f th ion ine-ox ld ised , CO-treated (?.
pasteurianua uptake hydrogenase. shown fo r  oouparison. 
Insyne (0.162 aM) in  60 sM Tris/HCl b u ffe r, pH 6 .0 ; w ith 
50% ( v / t )  ethylene glycol and frosen  approx. 1 hour a f te r  
th e  add ition  of th io n in e . Conditions: Microwave powers, as 
ind ica ted ; oodulation aap litu d e , 0.63 uT; ulerowave 
frequency, 6.98 GHs; teap e ra tu re s , as ind ica ted . 
M u ltip lica tio n  fa c to rs  in d ica te  r e la t iv e  gains.
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Figure 3-18. Boom tem perature D V -tisib le  absorp tion  and 
lo e - t  sep a ra to rs  MCD speo tra  o f th ion ine-ox id iaed  IL  
H rtflB rllB M  uptake hydrogenase. Knsyee (0.162 uM) in  50 aH 
Tris/HCl b u ffe r , pH 8 .0; w ith  SOX (v /v) e thy lene g lyco l. 
Conditions fo r  MCD apectra : Magnetic f i e ld ,  4 .5  T;
path length , 0.15 oe; tem peratures, 1.68, 4 .22, 10.9, and 45 
K ( in te n s ity  o f t r a n s i t io n s  increasing  w ith decreasing 
tem perature).
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th e  presenee of a paramagnetic chromophore, ainoe the  
in te n s ity  of th e  tra n s i t io n s  increases w ith decreasing 
tem perature (F ig. 3-18). The spec tra  show broad p o s itiv e ly  
signed bands a t  720, 650, 620, 510, and 460 nm, and a
negative band around 375 nm. Analogous sp ec tra , a lb e i t  w ith 
poorer s ig n a l- to -n o ise  r a t io  were obtained fo r four 
d is t in c t  samples of ensyme. Since e le c tro n ic  t ra n s it io n s  
occur throughout th e  v is ib le  region, i t  seems reasonable to  
conclude th a t  th e  paramagnet responsib le  fo r  th e  MCD signal 
i s  an Fe-S cen te r. However, th e  spec tra  do not show 
s im ila r i t ie s  to  any of those reported  fo r  o ther Fe-S 
p ro te in s . There a re  some s im ila r i t ie s  between the  spec tra  
of th e  th ion ine-ox id ized  uptake and b id ire c tio n a l 
hydrogenases (F igs. 3-3 and 3-18). However, th e  spectrum of 
th e  uptake enzyme i s  s ig n if ic a n tly  weaker under comparable 
conditions and th e re  i s  l i t t l e  correspondence in  th e  form 
and p o s itio n  of th e  MCD bands.
A re la t iv e ly  la rg e  diamagnetic con trib u tio n  to  the  MCD 
i s  apparent a t  wavelengths below 500 nm. The in te n s ity  of 
the  MCD a t  oo tem perature, which would correspond to  th e  MCD 
from any diamagnetic spec ies , can be obtained by 
ex trap o la tio n  from a p lo t  of th e  MCD in te n s ity  YS 1/T. This 
co rrec tio n  was applied  to  th e  m agnetisation da ta  shown in  
F ig . 3-19. The m agnetisation p lo ts  a t  720 and 460 nm show 
almost no nestin g . Nested m agnetization curves would 
in d ica te  th e  presence of therm ally populated low-lying 
exc ited  s ta te s .  On th e  o ther hand, th e  curves cannot be 
sim ulated w ith th e  th e o re tic a l  curve fo r  a species w ith
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Figure 3-19. MCD Mgneti set ion plots for thlonlne-oaldlaod 
C j. naataurlanuM uptake hydrogenase. Teeperatures:
( • ) ,  1.68 R; (x) ,  4.22 R; ( a ), 10.9 R; ( □ ) ,  45 K.
Wavelengths, as ind ica ted ; Magnetic f ie ld s  between 0 and 
4 .5  T. Solid  l in e  rep resen ts  th e o re tic a l  M agnetisation 
curve fo r  giao = 2.04. Arrows rep resen t value o f in te rc e p t .
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giao = 2.04. Since g = 2.04 is the average g-value of the 
observed EFR signal, it is concluded that the species that 
gives rise to the EFR signal is not responsible for the 
observed temperature dependent MCD but is an EFR silent 
Fe-S center with S > 1/2. A similar conclusion was reached 
from the MCD magnetisation data for the thionine-oxidised 
bidirectional hydrogenase. However, the differences in the 
form of the observed MCD spectra indicate that the novel 
S > 1/2 Fe-S centers are not identical in the two enzymes.
3.2.2.2 CLOSTRIDIUM PASTEDRIANOM UPTAKE HYDROGENASE REDUCED 
WITH DITHIONITE
The dithionite-reduced £j. oasteurianum uptake 
hydrogenase exhibits a nearly axial EFR signal detected at 
temperatures up to 40 K (Fig. 3-20). However, at *30 K a 
slight rhombicity is apparent and g-values of 2.06, 1.93,
and 1.90 can be clearly distinguished. The signal is
saturated even at 0.5 mW below 15 K; at 27 K, it starts
saturating at 50 mW, and shows appreciable relaxation
broadening at 40 K. The fora of the spectrum and the
relaxation properties are very similar to those of reduced, 
S = 1/2, [4Fe-4S]*+ centers. The lack of complexity of the
spectrum indicates that the signal arises from a single 
[4Fe-4S]1+ center and that there are no intercluster spin 
interactions. Quantitation of four different samples at 14 
K and 1 mW yielded 0.6-0.7 spins/molecule. At very low 
temperatures, some additional features are observed, as
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Figure 3-20. SFS ipeefcre of ditblonite-redooed 1L 
>*w"‘ uptake hydrogenase. Hnsyme (0.129 uM) In 100 
mM Tris/HCl buffer pB 8.0; with 50% (v/v) ethylene glycol. 
Conditions: Microwave power, 1 mW; Modulation amplitude,
0.63 wT; microwave frequency, 9.00 GHa; temperatures, as 
indicated. Multiplication factors indicate relative gains.
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shown in Fig. 3-20. The additional features have a very 
broad spectrum spanning 150 mT (Fig. 3-21). The origin of 
this species is uncertain at present. It may reflect 
heterogeneity in the EFR active, [4Fe-4S]*+ species or the 
reduced form of the novel center. Either way, the 
complexity of the spectrum is indicative of intercluster 
spin interaction. The absence of any other features within 
the range 0-5000 G suggests that almost all the [4Fe-4S]*+ 
clusters are present in an S = 1/2 ground state.
The room temperature OV-visible absorption spectrum 
shows the typical decrease in the absorption at 420 nm, 
indicative of the reduction of the Fe-S centers (Fig.3-22). 
The MCD taken at 1.57, 4.22, 6.6, and 43 K, and 4.5 T (Fig. 
3-22) shows the characteristic temperature dependent 
spectrum of a [4Fe-4S]*+ center (32), although the 
intensity is too high to arise from only one paramgnetic 
center. Positive bands are observed at 780, 540, 420, and
365 nm, while negative bands are apparent at 620 and 320 
nm. Furthermore, the magnetisation plots at 540 and 365 nm 
(Fig. 3-23) can be satisfactorily simulated with the 
theoretical curve for an 8 = 1/2 center, with 8// - 2.06 and 
gi = 1.92, which correspond to the g-values of the observed 
EFR signal.
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Figure 3-21. EFR spectra of dithionite-reduoed £L 
naatMUfiinia uptake krdromaM over a wider Mgietio field 
range. Knsyne (0.129 aM) in 100 nM Tris/HCl buffer pH 8.0; 
with BOX (v/v) ethylene glycol. Conditions: Microwave
power, 1 nff; Modulation anplitude, 0.63 nT; niorowave 
frequency, 9.00 GHs; temperatures, as indicated. 
Multiplication factors indicate relative gains.
165
50
100
50
■
Eu
i
-100
1
ffk
\
3
o
3
300 400 500 600 700 800
X/nm
Figure 3-22. Booateaperature 07-visible absorption and 
low teapereture MCD spectra of dithioaito-Mdaoed C. 
paeteurianua uptake hydrogenase. Bnsyae (0.129 aM) in 100 
aM Tria/HCl buffer» pB 6.0; with 60% (v/v) ethylene glycol. 
Conditions for MCD speotra: Magnetic field, 4.6 T;
pathlength, 0.16 ca; teaperatures, 1.67, 4.22, 6.6, and 43 
K (intensity of transitions increasing with decreasing 
temperature).
166
X=540nm
IOQ
$5
5
I
CD
C
O'o
X=365nm
Q5
/3B/2kT
Figure 3-23. MCD magnetisation plots for dithionite- 
reduced fix nesteur*m m  uptake hjrdrogenase. Temperatures:
(•), 1.57 K; ( X ) ,  4.22 K; ( a ), 6.6 K. Wavelengths, as
indicated; magnetic fields between 0 and 4.5 T. Solid line 
represents theoretical magnetisation curve for g;/ = 2.06,
gt = 1.92, m / m  = -1.
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3.2.2.3 CLOSTRIDIUM PASTKBIANUM UPTAKE HYDROGENASE 
THIONINE-OXIDIZED AND TREATED WITH CO
The EPR signals associated with the thionine-oxidized
C. naatauri,anuiq uptake hydrogenase are lost on treatment 
with CO, and are replaced by two new rhombic signals with 
g-values g = 2.03,2.02,2.00, and g = 2.025, 2.01, 2.00
(Fig. 3-24). The signal at g = 2.03, 2.02, 2.00 is the more 
rapidly relaxing species being observed only below 40 K. At 
13 K power saturation ensues for microwave powers > 2  mW. 
In contrast, the g = 2.025, 2.01, 2.00 signal is observable 
at temperatures above 20 K and is still observed, although 
somewhat broadened, at 105 K. The EFR spectra of each 
species in isolation are best obtained at 13 K and 70 K, 
and spin quantitations at these temperatures account for 
0.45*0.10 and 0.30*0.10, respectively. At intermediate 
temperatures the spectra are a composite of these two 
signals. As stated above, the EFR signals of the CO-treated 
enzyme appear to be the same that are detected when the 
enzyme is treated with excess of thionine, thus showing a 
similar behavior to the bidirectional hydrogenase. Table 
3-6 summarizes the spin quantitations of the different EFR 
active species found in £ l uptake hydrogenase.
In contrast to the bidirectional hydrogenase, the low 
temperature MCD of the thionine-oxidized uptake enzyme is 
significantly perturbed by CO, cf. Figs. 3-18 and 3-25. 
However, they follow the same pattern in that all the bands
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TABLE 3 - 6
EFR SPIN QUANTITATIONS FOR CLOSTRIDIUM PASTEUBIANUM UPTAKE
HYDROGENASE •
& & £ !£  S F R -g i qNAL SEIH  GQNJL.
Thionine-oxidized g = 2.06,2.03,2.00* 0.45* 0.05
g = 2.09,2.02,2.00 n.d.
Thionine-oxidized + CO g = 2.03,2.02,2.00b 0.45 * 0.10
g = 2.025,2.01,2.00° 0.30 * 0.10
Dithionite-reduced g = 2.06,1.92* 0.60 * 0.10
Broad signal giv=1.94« n.d.
* All values quoted correspond to average of at least two 
distinct samples.
* Spin quantitations performed at 30 K and 70 K at 1 mW
vs CuEDTA standard.
b Spin quantitations performed at 13 K and 1 mW vs
MetMbCN standard.
* Spin quantitations performed at 70 K and 1 mW vs
CuEDTA standard.
* Spin quantitations performed at 14 K and 1 mW vs
MetMbCN standard and at 30 K and 1 mW CuEDTA
standard.
* Broad underlying signal, observed only at powers > 0.5 
miff and temperatures < 6 K, see text for details.
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Figure 3-24. XFB spectra of 00-treated Mstenrlaaua 
uptake hydrofontM. Knayae (0.039 aM) In 50 aM Tris/HCl 
buffer. pH 8.0; with SOX (v/v) ethylene glycol. Conditions: 
Microwave power. 1 aW; Modulation aaplitude. 0.63 aT; 
■icrowave frequency* 8.98 GHs; temperatures, as indicated. 
Multiplication factors indicate relative gains.
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Figure 3-25. Low temperature MCD apeotra of OO-treated C<. 
naatourlanun uptake hydrogenase. Ensyme (0.101 uM) in 100 
aM Trla/BCl buffer, pH 8.0, with 50% (v/v) ethylene glycol. 
Conditions: Magnetic field, 4.5 T; pathlength, 0.17 cm;
temperatures, 1.55, 4.22, 6.7, and 43 K (Intensity of
transitions increasing with decreasing temperature).
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above 400 nm are positively signed. Maxima are observed at 
730, 680, 550, 4B0, and 420 nm. Only one negative
absorption band Is observed at 360 nm.
MCD magnetisation data were collected at 730 nm and 
480 nm. After correction for diamagnetic contribution both 
sets of data seem similar, and that at 730 nm is shown in 
Fig. 3-26. The magnetisation data are satisfactorily 
simulated by an S = 1/2 system with gL»o = 2.02, which
corresponds to giv of the observed EFR spectrum. Therefore, 
in contrast to the bidirectional ensyme, the paramagnetic 
Fe-S center that is observed with low temperature MCD of 
the thionine-oxidised, CO treated uptake hydrogenase is an 
EFR active S = 1/2 species.
3.2.2.4 CLOSTRIDIOM PASTEPRIANPM UPTAKE HYDROGENASE 
DITHIONITE-REDUCED AND TREATED WITH AIR
Air treatment of the dithionite-reduced ensyme for 
about 10 min results in loss of the ferredoxin-type EFR 
signal. A very weak EFR spectrum is observed, maximally 
accounting for 0.03 spins/molecule, that appears to be a 
composite of the thionine-oxidised and thionine-oxidised 
plus CO EFR spectra (Fig. 3-27). As noted above, similar 
results were observed for samples treated with large excess 
of thionine except that the resultant EFR spectra were at 
least a factor of 10 more intense. The results suggest that 
exposure to oxygen causes irreversible breakdown of the 
majority of the centers that are responsible for the
172
X=730nmco■ 4MB*
o
rsj• M M
CD
C
CPo
-A
/3B/2kT
Figure 3-26. MCD magnetisation plot for 00-troated C. 
fiudbsuciaaya uptake hjdrogenase. Temperatures: (O). 1.55
K; ( x ), 4.22 K; (A )f 6.7 K. Wavelength, as indicated;
magnetic fields between 0 and 4.5 T. 8olid line represents 
theoretical magnetisation curve for ga« = 2.02.
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figure 3-27. KFR ipMtra of dithionite-redooed CL 
PMUiiglinta uptakA hfdroflMMM before (upper panel) and 
after (lower panel)erposure to air. Bnzyoe (0.076 aM) in 60 
■M KP1 buffer, pH 7.2; with SOX (v/v) ethylene glycol. 
Conditions: Microwave power, 1 oil?; Modulation amplitude,
0.63 mT; microwave frequency, 0.00 GHz; tenperature, 16 K. 
Multiplication factora indicate relative sains.
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observed EFR signals. Low temperature MCD spectra of the 
air oxidised sample were recorded (data not shown) but 
showed no evidence of any paramagnetic Fe-S centers, 
showing that oxygen also causes breakdown of the 
paramagnetic center that is observed by MCD spectroscopy.
3.2.3 DISCUSSION
The uptake hydrogenase is the simplest among the known 
Fe-only hydrogenases in the sense that it has the lowest 
number of Fe atoms. Therefore, the initial purpose of this 
study was to attempt to elucidate the structure of its Fe-S 
centers in the hope to better understand the other Fe-only 
hydrogenases. However, the data presented here do show
significant differences in the nature of the novel Fe-S
center at the active site of the uptake and bidirectional 
hydrogenases.
The EFR rhombic signal from the thionine-oxidised C. 
P P J i n n m  uptake hydrogenase shows a close resemblance 
to those from M.elsdenli. D. vulgaris. and JL. Pasteurlanum 
bidirectional hydrogenases. However, the heterogeneity
observed in the signal of the uptake hydrogenase has not 
been observed in the bidirectional ensyme and has not been 
reported for oxidised JL elsdenii or Et vulgaris
hydrogenases. At present we do not have any explanation for 
such observation, and we can only attribute it to some 
heterogeneity in the EFR active species.
As in the bidirectional ensyme, the species that gives
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rise to the rhoabic EPR signal In the thionine-oxidised 
ensyme is not responsible for the observed temperature 
dependent MCD. Rather the data sees to indicate that a 
novel Fe-S center is also present in the uptake 
hydrogenase. However, differences in the fora and intensity 
of the observed low-tenperature MCD spectra indicate that 
the novel Fe-S centers are not identical in these two 
hydrogenases. MCD aagnetisation plots indicate that both 
novel centers have S > 1/2 ground states. He have not yet 
aade any attempt to simulate the observed aagnetisation 
data and thereby assess the ground state spin. However, it 
is noteworthy that the aagnetisation data for the centers 
in both ensyaes are compatible with S = 1 ground states 
with negative axial sero field splitting leaving an Mi = * 1 
doublet as the ground state. The reasoning is as follows: 
If the ground state is completely axial, such that g// = 4S 
and gi = 0, the intercept I froa the aagnetisation plots 
equals I = 3/2g// (28). Thus, for an S = 1 ground state, I =
0.375. The value of I derived froa the magnetisation curves 
of the thionine-oxidised uptake hydrogenase 'at 720 and 460 
na gives 0.38, in very good agreement with the theoretical 
value. Therefore, it is concluded that an 8 = 1 species in 
the oxidised uptake hydrogenase provides adequate 
explanation of the experimental results. The relationship 
between this novel Fe-S center that is observed by MCD 
spectroscopy and the observed KPR signal is unclear at 
present. Future experiments with ENDOR and Mdssbauer
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spectroscopies are required to address this aspect.
The EPR and low temperature MCD results of the
dithionite-reduced ensyme give unequivocal evidence that 
one of the clusters in the uptake hydrogenase is of the 
ferredoxin type* [4Fe-4S] cycling between the 2+ and 1+ 
oxidation states. However, spin quantitation for the EPR 
accounts for 0.5-0.7 spins/molecule whereas the MCD 
spectrum appears to be more intense than that of a single 
[4Fe-4S]1+ center (29). On the other hand, the form of the 
MCD spectra and the magnetization curves do not give
evidence for the presence of another species with S > 1/2.
This fact is also corroborated by the absence of EFR
signals in the low-field region. Two explanations could 
account for the above observation. The first is that in the 
dithionite-reduced state only the ferredoxin type center is 
reduced, while the novel center becomes diamagnetic; in 
this case, the [4Fe-4S]1+ would show an unusually high MCD 
intensity. The second is that, on reduction, the novel 
center observed by MCD is reduced and has the spectroscopic 
characteristics of a [4Fe-4S]i+ center. In this case, the 
g-values for this center would also be around 2, and no 
experimental difference would be observed in the 
magnetization curves for both the ferredoxin-type and the 
novel centers. However, both centers would contribute to 
the MCD intensity. This postulate is supported by the 
appearance of a broad underlying EPR signal centered around 
g = 1.96 that is apparent only at very low temperatures
(Fig. 3-21) and would not be accounted for at the
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temperatures at which spin integrations were made. 
Alternatively* this additional signal could result from 
heterogeneity of the cluster responsible for the EFR 
signal. In either case, the form of this new signal is 
suggestive of intercluster spin interaction, but the nature 
of the centers involved is yet to be ascertained. Spin 
quantitations of the EPR spectrum at temperatures around
4.2 K or below, and very low microwave powers (<50 W) to 
avoid saturation, will be helpful in establishing the 
origin of this new EFR signal.
Even though the paramagnetic Fe-S center present in 
the thionine-oxidised uptake hydrogenase appears to be 
somewhat different from that of the bidirectional enzyme, 
both hydrogenases seem to show the same behavior when they 
are oxidized with excess thionine or when they are left at 
room temperature for long periods of time in the presence 
of the oxidant. Both enzymes then exhibit the “CO-type" EFR 
signal, • that probably indioates inactivation of the 
enzymes. However, the close similarity between the MCD 
spectra of the thionine-oxidized and the CO-treated 
bidirectional hydrogenase is not observed in the uptake 
enzyme. This result suggests that the effect of CO is not 
the same in both enzymes, and that CO can bind directly to 
the oxidized Fe-S center only in the uptake hydrogenase. 
Moreover, MCD magnetization data for the thionine-oxidized 
uptake hydrogenase indicate that the paramagnetic center 
observed by MCD has an S = 1/2 ground state and therefore
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nust correspond to one or both of the two observed EFR 
signals. In view of the heterogeneity in the observed EPR 
signals for the uptake hydrogenase in all redox states 
investigated, it is possible that some of the ensyme 
molecules behave analogously to the bidirectional ensyme on 
CO addition (i.e.. no change in MCD characteristics), 
whereas in other molecules the novel S > 1/2 Fe-S center 
that is observed by MCD, binds CO directly to produce an 
S = 1/2 species that dominates the low temperature MCD
spectrum. If this is the case, then the two EFR signals of 
the CO-treated thionine-oxidised uptake ensyme have 
different origins, one corresponding to an exchange-coupled 
species similar to that proposed in the bidirectional 
ensyme, and the other, to the novel Fe-S center bound 
directly to CO.
In summary, it is fair to say that the results 
presented here have raised far more questions than they 
have resolved. Low temperature MCD spectroscopy does 
provide evidence for a novel S > 1/2 Fe-S center in the 
uptake hydrogenase, but the form of the spectrum suggests 
that it is not identical to that in the other three Fe-only 
hydrogenases. However, it does seem likely that all the 
novel rhombic EFR signals that are common feature of the 
Fe-only hydrogenases, originate from an exchange-coupled 
system, part of which is the novel MCD-detectable Fe-S 
center. EFR spectroscopy has revealed four new EFR signals 
in addition to the two that had previously been reported 
for the uptake hydrogenase and suggest appreciable
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heterogeneity in the constituent Fe-S centers. The origin 
of this heterogeneity will be the subject of future 
investigations involving parallel EFR/activity measurements 
as a function of solvent media and pH. Hdssbauer and ENDOR 
studies will also be extremely useful in establishing the 
identity of the species responsible for each of the 
observed EPR signals. Without any doubt it can be concluded 
that the simplistic Fe-S center compositions that had 
previously been proposed for both the uptake and 
bidirectional hydrogenases from C^ _ pasteurianum (4) are 
entirely inappropriate.
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4.0 NICKKL - CONTAININQ HYBROGKNASKS
As prev iously  Mentioned, H i-containing hydrogenases 
are  a very heterogeneous group of ensynes. Bowever, some 
fe a tu re s  aees  to  be coaMon to  th i s  type o f hydrogenases. In 
p a r tic u la r ,  they  show good re s is tan c e  to  Os denaturation  
and can th e re fo re  be Iso la ted  by aerobic  procedures, in  
c o n tra s t to  Fe-only hydrogenases. The physio log ical ro le  of 
Most N i-containing hydrogenases seems to  be th a t  o f Hs 
uptake. The behavior towards in h ib ito rs  such as heavy 
Metals appears to  be siM ilar to  th a t  of Fe-only 
hydrogenases. With th e  notable exception of A lcallsenes 
eutrouhus hydrogenase (1 ), 00 has been found to  be
com petitive in h ib ito r  fo r  a l l  H i-containing hydrogenases 
(2 ,3 ).
Most N i-oontaining hydrogenases a re  in ac tiv e  in  th e  
exchange assay and show very low a c t iv i ty  in  th e  Ba uptake 
assay when they a re  in  th e  "as iso la ted "  s ta te  (4 -6 ), and 
a c tiv a tio n  occurs upon reduction  under anaerobic conditions 
(6-10). The a c tiv a tio n  process appears to  involve a t  le a s t  
two s tag es: a lag  phase of v a riab le  leng th  followed by a
slow Increase in  c a ta ly t ic  a c tiv i ty .
Most of th e  cu rren t knowledge about Hi in  hydrogenases 
has been obtained from KPR spectroscopy. The technique has 
proven to  be a very se n s itiv e  probe fo r  t h i s  Metal cen te r 
in  b io lo g ic a l system s. I t  can give in fo rn a tio n  about th e  
redox s ta te ,  coordination  geometry, and nature of the  
ligands around th e  n e ta l  cen te r. Indeed, as previously
184
185
Mentioned, th e  f i r s t  d e tec tio n  of n ickel in  b io lo g ica l 
systems was Bade by aeans of KPR spectroscopy (11), based 
on th e  s im ila r ity  of th e  obtained g-values to  those known 
fo r  n icke l complexes (12). The assignment was l a te r  
confirmed by iso to p ic  su b s titu tio n  w ith •iN i (13). In the  
oxidized s ta te ,  th e  m ajority  of H i-containing hydrogenases 
e x h ib it a rhombic KPR s ig n a l w ith p rin c ip a l g-values around 
2.31, 2.23, 2 .01, which i s  believed  to  rep resen t a low-spin 
N i(II I)  w ith a rhom bically d is to r te d  octahedral ligand 
f ie ld .  The g-value an iso tropy , w ith g x > g/, in d ica te s  th a t  
th e  unpaired e lec tro n  i s  lo ca lised  in  th e  dx* o rb i ta l  
(14,15). This type of s ig n a l has been observed fo r  many 
ae ro b ica lly  iso la te d  hydrogenases, e . g . . Methanobacterium 
thergoaut.gtropbig|y| (4 ,6 ) , D esulfovibrio g jgas (16), 
M§thanosa$glna bftTkerl (17), D esulfovibrio d esu lfu rioans. 
s t r a in s  Norway and ATCC No. 27774 (16,19), A*, eutronhus.
membrane-bound (8 ). However, some N i-containing 
hydrogenases do not show the  mentioned KPR s ig n a l, such as 
those from QireBfttil4E YifiSffiSB (20), HeeftEdU QBaga lb  (21), 
and th e  so lub le  hydrogenase from Ax. eutronhus (1 ). In these  
cases, th e  absence o f th e  EFB sig n a l has been in te rp re ted  
as magnetic in te ra c tio n  between th e  Ni and th e  Fe-S cen te rs  
a lso  p resen t in  the  enzymes (22). The s im ila r  g-values 
and l in e  shape observed fo r  th e  KPR sig n a l a t tr ib u te d  to  
N i(II I)  in  d if fe re n t  hydrogenases suggest s im ila r ligand 
environments, coordination  numbers and geometries o f th e  
oxidized Ni cen te r.
Several ae ro b ica lly  iso la te d  N i-containing
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hydrogenases a lso  e x h ib it , in  th e i r  "as iso la ted "  s ta te ,  
an EPR s ig n a l th a t  i s  believed  to  be associa ted  w ith an 
oxidised [SFe-xS] cen te r (16,18). However, no sp e c if ic  ro le  
fo r  such cen te r has been found and th e re fo re  th e  question 
of whether o r  no t i t  i s  an a r t i f a c t  o f th e  iso la tio n  
procedure has been ra ise d .
On reduction , most o f th e  N i-containing hydrogenases 
show th e  appearance of another rhombic KPR sig n a l a lso  
associa ted  w ith  N i,' w ith  p rin c ip a l g-values around 2.19, 
2.16, 2.02 which has been co rre la ted  w ith an ac tiv e  s ta te
of th e  enzymes (6 ,16 ,23). While s tu d ies  w ith  81Ni enriched 
enzymes show th a t  t h i s  KPR s ig n a l i s  assoc ia ted  w ith Ni 
(4 ,6 ) , the  redox s ta te  and th e  coordination environment of 
th e  n e ta l  has y e t to  be es tab lish ed .
The observation th a t  th e  Ni cen te r undergoes a change 
in  redox s ta te  and/or coordination  environment on reductive 
a c tiv a tio n  (5,10) coupled w ith th e  f a c t  th a t  00, a known 
in h ib ito r  fo r  hydrogenaae a c t iv i ty ,  does no t cause any 
change in  th e  KPR s ig n a ls  o f th e  Fe-S cen te rs  presen t in  
th e  enzymes whereas i t  does cause changes in  th e  s ig n a ls  
a r is in g  from th e  Ni spec ies , has led  to  th e  suggestion 
th a t  Ni c o n s titu te s  th e  c a ta ly t ie a l ly  a c tiv e  s i t e  of the  
enzymes (7 ,24 ). However, th e  ro le  of Ni in  th e  c a ta ly t ic  
mechanism of hydrogenases i s  s t i l l  unc lear. A b e t te r  
knowledge req u ires  th e  assignment of th e  ox idation  s ta te s  
and coord ination  environment o f th e  Ni in  a c tiv e  and 
in ac tiv e  enzyme, as w ell as the  c h a ra c te r isa tio n  of
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possib le  In te ra c tio n s  u o n g  th e  redox cen te rs . In  an 
a t te a p t  to  answer these  questions, and to  e s ta b lis h  th e  
natu re  of th e  c o n s titu en t Fe-S cen te rs , two N i-oontaining 
hydrogenases, those f ro a  MtfthfllWbfOtftglW
therwoautotrophlcun and D esulfovlbrio  gjgqa ware stud ied  by 
low teap e ra tu re  MCD spectroscopy, in  coabination  w ith KFB 
spectroscopy. Since Ml in  hydrogenases i s  no t aaenable to  
in v es tig a tio n  by wore conventional spectroscopic techniques 
such as UV-visible absorption o r Mdssbauer spectroscop ies, 
i t  was hoped th a t  low teap e ra tu re  MCD would provide a aeans 
of e s ta b lish in g  th e  e le c tro n ic  and aagnetic  p ro p e rtie s  of 
Hi in  hydrogenases.
4.1 METHANOBACTKRIUM THRBMDAnTQTBQPHldlM HYDR06KNASK
4.1 .1  INTRODUCTION
Hethanobaotorima theraoauto trophlcua hydrogenase i s  an 
o b lig a te ly  anaerobic b ac te riu a  th a t  grows au to tro p h ica lly  
f ro a  Bs and 00a as so le  e le c tro n , carbon, and energy 
sources (25,26). A ll aethanogens a re  known to  contain  th e  
unique co fac to rs  F«a© and coensyne M as e le c tro n  aooeptors, 
which are  involved in  aethane b io sy n th esis . Also, 
aethanogens a re  ab le  to  reduce 00a to  CHa, c o n s titu tin g  th e  
only b io lo g ic a l source of aethane, according to  th e  o v e ra ll 
reac tion :
4Ha + COa > CB« + 2Ha0
The reac tio n  occurs in  two s te p s , one of which i s  ca ta lysed
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bjr h fd ro ie n u e .
Two d if fe re n t  s t r a in s  f ro a  M l have
been stud ied , Marburg and aB. 8 tra in  Marburg has been 
reported  to  con tain  one hydrogenase, sp e c if ic  fo r  Factor 
420 (Faso ) as e lec tro n  acceptor (27). Two hjrdrogenases have 
been p u rif ie d  from s t r a in  aH; one o f then  i s  a lso  sp e a if ic  
fo r  Faso, whereas th e  physio log ical e lec tro n  acceptor fo r  
th e  o th er i s  s t i l l  unknown; i t  i s  only known to  a c t in  
v i t r o  w ith MV as e lec tro n  c a r r ie r ,  th e re fo re  i t  has been 
tem ed  MV-reducing hydrogenase (6 ).
A ll th ese  hydrogenases physio log ica lly  function  in  Hs 
uptake. The Faso-reducing hydrogenase, s t r a in  aH, has a MW 
of 170000 and i s  composed o f th re e  subunits o f MV 40000, 
31000, and 26000 in  a  r a t io  2 :2 :1  (28). The ensyne has been 
reported  to  contain  33-43 Fe atoms, 24-30 ac id  la b i le  
sulfides., and 2 .5 -3 .1  Ni g atom/mole (6 ). On th e  o ther 
hand, th e  MV-reducing hydrogenase has been reported  to  be 
co n s titu te d  o f two subunits of MW 52000 and 40000 in  an 
undetermined r a t io  (6 ). The MW of th e  ensyme i s  a lso  
unknown. However, th e  enzyme appears to  contain  Fe and Ni 
in  a r a t io  15-20:1.
The hydrogenase from fL thernoayt-OtrPPM^11” - s t r a in  
Marburg, c o n s titu te s  th e  f i r s t  hydrogenase th a t  was shown 
to  con tain  Ni, by KPR spectroscopy (27). The assignment was 
l a t e r  confirmed by iso to p ic  su b s titu tio n  (4 ,6 ) . L ater, th e  
o ther hydrogenases from th e  same organism were a lso  shown 
to  contain  Ni (4 ,6 ).
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Both hydrogenases f  roe s t r a in  AB a re  brown in  co lo r 
and show a broad absorption  band around 400 m , 
c h a ra c te r is t ic  of Fe-8 p ro te in s  (6 ). On reduction , M. 
thereoautotrophicue hydrogenase, s t r a in  Marburg, has been 
reported  to  becoae KPR s i l e n t ,  th e re fo re  th e  presence of 
Fe-8 cen te rs  in  t h i s  organise i s  no t ev iden t fro e  KPR 
spectroscopy (4 ,29 ). The reduced hydrogenases f ro e  s t r a in  
AH have been reported  to  e x h ib it complex KPR s ig n a ls  a t  
**11 K th a t  were assigned to  Fe-S cen te rs  (6 ).
The Fa a o -reducing hydrogenase has been exanined by X- 
ray absorption  spectroscopy (XAS) (30). In p r in c ip le , the  
technique can provide inform ation concerning th e  number, 
type and d istances of atoms in  th e  immediate coordination  
sphere o f an iso la te d  metal cen te r in  a  n e ta llo p ro te in . 
Prelim inary r e s u l ts  o f th e  Hi KXAFS in d ic a te  th a t  th e  Hi 
coordination  environment i s  p rim arily  composed of 8, 
although th e  coordination  number could not be accurate ly  
determined. However, octahedral o r square pyramidal 
coordination  a re  co n s is ten t w ith th e  c u rre n tly  ava ilab le  
KPR and KXAFS d ata .
Prelim inary r e s u l ts  by e lec tro n  sp in  echo spectroscopy 
(KSKS) s e w  to  in d ica te  th a t  th e  environments o f th e  Hi 
paramagnets in  both th e  Fa 20 -  and MV-reducing hydrogenases 
( s t r a in  AH) a re  somewhat d if fe re n t  (31). One H nucleus, 
th a t  i s  probably no t d ire c tly  coordinated to  th e  Hi has 
been observed near t h i s  metal cen te r in  th e  Faso-reducing 
hydrogenase, whereas i t  was no t observed in  th e  MV-reducing 
hydrogenase. I t  i s  possib le  th a t  the  H atom belongs to  FAD,
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which 1b found in  th e  F«1o-reducing ensyae hu t not in  th e  
MV-reducing hydrogenase, s ince  th e  technique g ives 
in fo ra a tio n  about a toes th a t  surround a a e ta l  cen te r w ith in  
th e  second o r th i rd  coord ination  sphere.
As can be in fe rred  fro a  th e  above, very l i t t l e  i s  
known about th e  a e ta l  cen te rs  in  IL  theraoauto trophicua 
hydrogenases. The av a ilab le  KPR da ta  suggest th a t  Mi i s  the  
so le  paramagnetic ohromophore in  th e  "as iso la ted "  ensyae. 
Since low tem perature MCD spectroscopy fu rn ish es  a  means of 
se le c tiv e ly  in v e s tig a tin g  th e  e le c tro n ic  t r a n s i t io n s  fro a  
ind iv id u a l paramagnetic chromophores in  a multicomponent 
aetalloensym e, t h i s  technique should be uniquely capable of 
e s ta b lish in g  th e  e le c tro n ic  t ra n s i t io n s  of paramagnetic Mi 
in  th e  "as iso la ted "  ensyae. The e le c tro n ic  tra n s i t io n s  
a r is in g  fro a  Mi in  hydrogenase should provide a se n s itiv e  
monitor o f redox s ta te ,  coordination  number, geometry, and 
ligand  type, questions th a t  s t i l l  remain unanswered due to  
the  lack  of appropria te  techniques to  study th i s  a e ta l  
cen te r in  a e ta llo p ro te in s .
Many inorganic  Mi ( I I I )  model compounds have been 
synthesised  and th e i r  KPR spectroscopic p ro p e rtie s  stud ied  
(12,32,33), bu t paramagnetic cen te rs  w ith  predominantly S 
environments th a t  would c o n s ti tu te  good models fo r  
b io lo g ic a l systems a re  no t av a ilab le . I t  was believed  th a t  
a a e ta llo p ro te in  re c o n s titu te d  w ith Ni could provide a 
b e t te r  model fo r  Ni in  b io lo g ic a l systems. To th i s  end, 
rubredoxin apoprotein was re c o n s titu te d  w ith N i(II) and
191
Investiga ted  by low teap e ra tu re  MCD and KFR spectroscopies. 
Rubredoxin I s  th e  sim plest and probably b e s t ch a rac te rised  
Fe-8 p ro te in  contain ing  a monomeric Fe surrounded by 
cy ste ln y l S In  a te tra h e d ra l environment. While oxidation  
to  N l( I l l )  d id  no t prove p o ssib le , In v estig a tio n  of th i s  
p ro te in  did  enable ch a ra c te r isa tio n  o f th e  Magnetic and 
e le c tro n ic  p ro p e rtie s  of N i(II)  in  a b io lo g ic a l S r ic h  
coordination  environment.
4 .1 .2  RESULTS
4 .1 .2 .1  METBANOBACTERIUH THiBMOAUTQTRQPaitSBM HYDROGENASE 
"AS ISOLATED"
The EFR spectrum of "as is o la te d ” M. 
thersoafl-t t^rTTPM hydrogenase shows a rhombic s ig n a l a t  g 
s 2.30, 2.23, 2.01 d e tec tab le  from 5 K to  approximately 120 
K (Fig. 4 -1 ). The s ig n a l i s  strong ly  power sa tu ra ted  a t  
1 mW a t  13 K, bu t no t a t  70 K, th e re fo re  i t  can be 
q u an tified  a t  70 K and 1 mW under non-satu rating  
conditions. The s ig n a l accounts fo r  a paramagnetic Ni 
concentration  o f 0.12 nM a t  70 K. The number of 
spins/m olecule could no t be obtained since  th e  molecular 
weight o f th e  enzyme has y e t to  be determined. As expected, 
and in  agreement w ith  previous re p o rts  (16,17 ,19), th e  
s ig n a l corresponds to  th a t  observed in  o ther H i-containing 
hydrogenases in  th e i r  ox id ised  but in ac tiv e  s ta te ,  and has
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Figure 4-1. D R  ipeotra of " u  Isolated** IL_ 
them oautotrophloue hydrogenase. Knsyae (0.040 sM in  
paranagnetic Ml) In 60 nM KPi b u ffe r, pB 7 .8 ; w ith 331 
ethylene gljrool. Conditions: Microwave power, 1 nM;
Modulation am plitude, 0.63 nT; nicrowave frequency, 9.02 
GHs; teap e ra tu re , 70 K.
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been assigned to  a  low-spin N i( I I I )  species in  a
rhoab ica lly  d is to r te d  octahedral environment. Mo KPR 
s ig n a ls  in d ic a tiv e  of paramagnetic Fe-S cen te rs  were 
apparent over th e  tem perature range B K to  120 K.
Like many Fe-S p ro te in s , th e  room tem perature UV-
v is ib le  absorption spectrum i s  broad and fe a tu re le s s  w ith a
shoulder centered  around 400 nm, assigned to  S ----- > Fe
charge t r a n s fe r  t r a n s i t io n s  from th e  Fe-S cen te rs , and a 
sharp peak a t  280 nm, due to  absorption  from th e  p ro te in  
(Fig. 4 -2 ). As i s  th e  case in  a l l  M i-containing 
hydrogenases, the  t r a n s i t io n s  due to  th e  Mi cen te r are  
obscured by th e  more in ten se  o p tic a l t r a n s i t io n s  a r is in g  
from th e  Fe-S cen te rs .
The low tem perature MCD sp ec tra  a t  1.53, 4 .22, and 8.9
K, and 4 .5  T, show p o s itiv e ly  signed bands a t  660, 398, and
345 nm, and negatively  signed bands a t  600, 415, 362, and
330 nm (Fig. 4 -2 ). Since th e  low tem perature MCD spectrum
i s  q u ite  d is t in c t  frow th a t  of any known Fe-S cen te r and
th e  KPR spectrum gives no in d ica tio n  of any paramagnetic
chromophore o th e r than Mi, a l l  th e  observed t r a n s i t io n s  oan 
be assigned to  th e  paramagnetic Mi cen te r in  hydrogenase. 
M agnetisation data  taken peak-to-through a t  650-600 nm
(Fig. 4 -3 ), and a t  363 nm (da ta  no t shown) oan be
adequately sim ulated w ith th e  XPR g-values fo r  an 8 -  1/2,
N i(II I )  c en te r, g„ = 2.01 and g i = 2.27, and m /m  = -1 .
Thus, th e  m agnetisation curves support the  hypothesis th a t  
the  observed MCD tra n s i t io n s  a r is e  from a paramagnetic Ni 
cen te r w ith S = 1/2 ground s ta te .
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Figure 4-2. Booa teap e ra tu re  U V -risible absorp tion  and lew 
teap e ra tu re  MCD sp ec tre  o f "as Iso lated*  IL. 
theiaoau to tronh lcua hydrogenase. Kneyae (0.120 aM la  
paraaegaetlo  Ml) la  50 aM KF1 b u ffe r , pB 7 .6 ; w ith 50* 
ethylene g lyco l. Conditions fo r  MCD sp ec tra : Magnetic
f ie ld ,  4 .5  T; path leng th , 0.17 ca; te ap e ra tu re s , 1.53, 
4 .22, 8 .9  K ( In te n s ity  of t r a n s i t io n s  increasing  w ith
decreasing te a p e ra tu re ) .
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Figure 4-3. MCD Magnetisation plot for "as isolated" IL. 
theMMHtfttrw M ff li  m m - Teaperatures: ( • ) ■  1*93
K; ( x ) , 4.22 K; ( A ) ,  9 .9  K; Magnetic f ie ld s  between 0 and
4.5  T. Solid  l in e  rep resen ts  th e o re tic a l  M agnetisation 
curve fo r  g„ = 2.01, Mi ~ 2.27, m / m  - -1 .
196
4.1.2.2 REDUCED HKTHAWOBACTKRIUH 
HYDROGENASE
Different saiples of ML tberPPav&PtrgPbigyff 
hydrogenase were reduced bf Incubation with Hi for 
different periods of tine, either at roon tenperature or at 
40 °C. Also, a 25-fold excess of dlthionite was used to
reduce another sanple of ensyae. However, the state of
reduction that has been previously reported (6) was not
achieved. Despite repeated attewpts, the reported EPR 
signal at g = 2.19, 2.16, 2.02, similar to that observed
for other reduced Ni-containing hydrogenases, could not be 
obtained for the ensyne samples used in this work. On the 
contrary, a very weak KPR signal corresponding to the 
oxidised Ni(III) speaies was still detectable in some 
samples, suggesting that the Ni was not completely reduced 
on treatment with either Hi or dlthionite. The sanple that 
showed the greatest degree of reduction was incubated with 
Hi for 2 hours at 40 ®C. The KPR spectrum corresponding to 
this preparation (Fig. 4-4) showed a very weak signal at g 
= 2.30, 2.23, 2.01 that is still observable at 70 K and
corresponds to a trace of the oxidised Ni(III) species of
the "as isolated" ensyne. In addition, a weak rhombic 
signal at g = 2.00, 1.96, 1.91 that may be attributed to
reduced [4Fe-46]>* centers is observed at 10 K. The origin 
of the resonances between g = 2.12 and 2.00 that are 
observable at 10 K is not understood at present. However,
—L--------- 1______ I_______|______ |______ |______ |______ I
270 280 290 300 310 320 330 340
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Figure 4-4. D R  iptotra of Hi -reduoed ML. 
thiMPtiitHtrwhlHW hydrogenase. Knsyne (12.9 eg/ml) in 50 
■m  KPi buffer, pH 7.8; with 508 ethylene glycol. 
Conditions: Microwave power, 1 if; wodulation aeplitude,
0.63 sT; wierowave frequency* 8.99 6Bs; tewperatures, as 
indicated. Multiplication factors indicate relative gains.
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It Is noteworthy that similar signals have been observed 
for Ha-reduced 1L barker! hydrogenase (34) and in one of 
the samples of Ha-reduced L. gjgas hydrogenase studied In 
this work. The low temperature MCD spectra for this sample 
were recorded at 1.60 and 4.22 Kt and 4.5 T, and show 
temperature dependent bands throughout the visible region; 
positive bands are observed at 740* 518, and 364 nm, and
negative bands at 670, 610, and 305 nm (Fig. 4-5). The
bands observed for the oxidised Ni paramagnetic species in 
the "as isolated" ensyne are no longer apparent In the 
reduced ensyne. Rather, the form of the speatra are 
indicative of reduced, S = 1/2, [4fe-4S]i+ centers
(35,36).
4.1.2.3 NICKEL-RECONSTITUTED RUBRKDOXIN
Nickel-reconstituted rubredozins from three different 
organisms were studied by low temperature MCD spectroscopy. 
Those from pflTfr-fMiriffiOWl and JL. vulgaris were still
impure with traces of native rubredoxin, which gives very 
strong MCD transitions that overlap with those from the 
reconstituted Ni rubredoxin. Purified Ni rubredoxin 
samples from gjgas do not show any KPR detectable
species within the range 4 - 100 K, as should be expected 
for a d® Ni(II) ion in either square planar, tetrahedral, 
or octahedral configuration. In the first case, the Ni 
would be diamagnetic and hence it would not give rise to 
any KPR spectrum. Ni(Il) in either a tetrahedral or an
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Figure 4-5. Low teaperature MCD spectra of Bt-rodoood IL 
theraoautotronfaioua hydrogenase. Ensyae (12.9 ag/al) in 50 
aM KPi buffer, pH 7.8; with 50% ethylene glycol. 
Conditions: aagnetic field, 4.5 T; pathlength, 0.17 on;
teaperatures, 1.60, 4.22 K (intensity of transitions
increasing with decreasing teaperature).
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octahedral environment would be expected to have two 
unpaired electrons! and therefore an 8 = 1 ground state. 
Unfortunately, KPR signals are generally not observed for 
transition metal complexes with even number of unpaired 
electrons, as a result of sero field splitting. However, an 
8 = 1 ground state should give rise to temperature
dependent MCD signals.
The room temperature UV-visible absorption spectrum 
(Fig. 4-6) shows bands at 730 and 670 nm that can be 
assigned to d-d transitions from the Mi center, and at 452
and 362 nm that probably correspond to 8 ----> Mi charge
transfer transitions. The low teaperature MCD spectra at 
1.63, 4.22, 11.4, 51, and 90 K, and 4.5 T (Fig.4-6) exhibit 
bands in both the CT and d-d regions and show a very 
puzsling teaperature dependence (Fig. 4-7). The MCD 
spectrum is almost invariant as a function of temperature 
below 30 K. At higher temperatures marked changes occur. 
The negative band at 670 nm increases at 51 K and then 
decreases again at 90 K, whereas that at 710 nm decreases 
with increasing teaperature. In the CT region, a general 
decrease in MCD intensity accompanies increase in 
temperature but new bands appear at 450 and 380 nm. The 
data indicate the presence of a diamagnetic electronic 
ground state with a low lying paramagnetic excited state 
that becomes significantly populated at temperatures about 
30 K. The magnetisation data at 443 and 367 nm (Fig. 4-7) 
taken at temperatures up to 11.4 K support this conclusion. 
The data indicate that the transitions are linearly
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Figure 4-6. Boos t«veratan 07-risible absorption and ion 
teaperature MOD spectra of reconstituted IL. fliu Hi 
rubredoxin. Knsyae (l.B aM in Ni) in 50 sM Tris/BCl buffer, 
pB 7.0; with 50* ethylene glycol. Conditions for MCD 
spectra: Magnetic field, 4.5 T; pathlength, 0.16 on; 
tenperatures, 1.63, 4.22, 11.4, 51, 90 K. Insert: 600-600
nn region of MCD spectra anplified 5 tines.
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Figure 4-7. MCD magnetisation plots of t^tvu^ d.
nines Mi rubredoxin. Temperatures: ( • ). 1.63 K. < X ). 4.ZZ 
K; (a ), 11.4 R. Wavelengths, as indicated, Magnetic fields
between 0 and 4.6 T.
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dependent on Magnetic field at temperatures up to 11.4 K( 
as expected for a dianagnetic ground state.
4.1.3 DISCUSSION
The WPR spectrum exhibited bp "as isolatedH M. 
thermoautotrophlcun hydrogenase is consistent with that 
observed for other Hi-containing hydrogenases, and is 
assigned to a low-spin Ni(III) center. The g-value 
anisotropy, g A > g//f is consistent with a rhoahioally 
distorted octahedral environment, as opposed to square 
planar geometry for a low-spin (8 = 1/2) Ni(III) center 
(37).
The form of the low temperature MCD spectrum is quite 
distinct from that of any known paramagnetic Te-S center. 
In addition, no other paramagnetic species besides Ni(III) 
is apparent in the KPR. Therefore, the observed transitions 
are assigned to the Ni(III) center. This assignment is 
confirmed by the MCD magnetisation data, which indicate 
that the transitions arise from an 8 = 1/2 ground state. In 
light of the optical spectra reported for Ni(III) 
complexes (12), and the XAS results for this and other Hi- 
containing hydrogenases (30,38,39), the bands are 
tentatively assigned to d-d transitions in the range 530 -
670 nm, and to 8 -- > Hi charge transfer transitions in the
range 300 - 460 nm. More detailed assignment of the
transitions must await MCD studies of structurally well 
characterised Hi(III) complexes. However, the data do show
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that low teaperature MCD spectroscopy is oapable of 
investigating the electronic transitions associated with 
paramagnetic Ni in hydrogenases even though the UV-visible
absorption spectrum is dominated by 8  -> Fe charge
transfer bands from multiple Fe-8 centers.
The KPR results of the reduced ensyne, as obtained in 
this work, suggest that most of the Mi is in an KPR silent 
state, I.e.. in a low-spin 2+ oxidation state, or 
paramagnetic but spin-coupled to another metal center. The 
form of the low teaperature MCD spectrum confirms that 
[4Fe-4SJ centers are indeed constituents of this 
hydrogenase, and that some of them are reducible to the 
paramagnetic 8 =1/2 state on incubation with Ha or 
dlthionite. The apparent absence of MCD bands from the 
oxidised Ni(IIX) species observed in the hydrogenase as 
isolated, suggests that the Ni has been reduced to Hi(II) 
in this form of the ensyae. However, further work is 
required by way of a redox titration monitored by KPR and 
MCD to substantiate the redox properties of the metal 
centers during reduction. Unfortunately, Insufficient 
quantities of the ensyae were available to perform such 
experiments.
The low temperature MCD spectra of ^  gjgas Ni 
rubredoxin reveal the type of MCD spectrum that should be 
expected for Ni(II) in a biological, tetraooordinated 8 
environment. As previously mentioned, tetraooordinated 
Ni(XI) can have either tetrahedral (8 = 1) or square planar
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(S = 0) geoaetrjr. The low teaperature MCD data provide
evidence for a diamagnetic ground state with a low lying 
paramagnetic excited state that becomes populated only 
above 30 K. Based on a Boltsmann population distribution* 
this suggests that the excited state is separated by 
between 40 and 80 or* froa the diamagnetic ground state. 
There are two possible explanations for this behavior. The 
first is that the ground state is 8 = 0 and that the 8 = 1  
excited state is very low in energy. The second is that the 
ground state is 8 = 1 and subject to a very large axial 
sero field splitting (D > 0) leaving an Mb = 0 singlet as 
the ground state and the Mi = * 1 doublet as the excited 
state. At present it is not possible to decide between 
these two alternatives. In either case, the MCD data 
indicate a largely distorted tetrahedral environment for Hi 
in rubredoxin.
4.2 DESOLFOVIHRIO GIGAS HYDROGENASE
4.2.1 INTRODUCTION
Desulfovibrio aisas is a strict anaerobic, sulfate- 
reducing, gram-negative bacterium, in which hydrogen is 
used as a source of energy by coupling its oxidation to the 
reduction of sulfate to sulfide (26,40). Hydrogen enters 
the eleotron transport system via hydrogenase, which 
specifically reduces the low potential cytochrome e*, the 
natural electron carrier, which in turn reduces ferredoxin.
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However, the specificity for electron donora in the 
Microorganism does not seem to be very high, provided that 
aulfate la the terminal electron acceptor, since either Hi 
or organic compounds can act aa initial electron donora, in 
vivo; ferredoxin has even been replaced i& vitro by a 
synthetic cluster (41). On the other hand, it should be 
noted that when the bacterium is grown with organic 
substrates such as lactate, ethanol, and pyruvate as C and 
energy sources, in the presence of sulfate, it still 
contains high levels of hydrogenase, but only trace amounts 
of hydrogen are released into the medium because of the 
availability of the sulfur oxyacids as electron acceptors 
(26,40). The relevant pathways for the Ha metabolism in 
sulfate-reducing bacteria are represented in figure 4-8. 
Although it is known that sulfate is first "activated" by 
an ATP-dependent reduction to sulfite, the exact mechanism 
by which sulfite is further reduced in the six-electron 
transfer to sulfide is uncertain. When the sulfate-reducing 
bacteria use organic substrates such as pyruvate as 
electron donors, ATP is generated from acetyl coensyme A, 
and NADH derived from the oxidation of pyruvate must be 
reoxidised. This is partially accomplished through 
reduction of H+ to Hi but ultimately sulfate must be 
available as a terminal electron acceptor. In contrast to 
the Clostridia, reduced cyt cs, not Fd, donates electrons 
to hydrogenase. As can be inferred from the above, bacteria 
of the genus Desulfovibrio possess the unique property of
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(a) SULFATE REDUCTION
Ba Ba Ha
i t i(SO*p- — -> (SO*)*- — > (S»0*)t- - — > (SaOa)*- —*->  8*
ATP AMP
3 ADP 3 ATP
Ba
A  hydrogenase cytochroae c* — > ferredoxin
(SaOU*- ^
Ithiosulfate 
J  reductase 
(80a)*- + BaSo-^
(b) PYRUVATE OXIDATION
pyruvate: ferredoxin
PYRUVATE > FERREDOXIN — > CYTOCHROME c*
oxidoreductase
\
acetyl-CoA + 00a
2 H+
Ba
I
BYDROGENASE
Figure 4-8. Ba aetabolisa of sulfate-reducing bacteria 
X is an unknown electron carrier (26).
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being efficient in both Ba production and Ba utilisation 
when grown in nixed culture. This can be explained by a 
mechanism which involves at least two hydrogenases, one 
internal that catalyses Ba evolution from organic 
substrates, and another external that catalyses the 
oxidation of Ba diffused across the menbrane, necessary for 
the reduction of sulfate to sulfide (42).
The presence of more than one hydrogenase has been 
demonstrated for several Desulfovibrlo species. These 
hydrogenases have different location in the cell and 
differ widely in physicochemical properties, even though 
they catalyse the same types of reactions. L. vulgaris 
hydrogenase (43) is one of the few known Fe-only 
hydrogenases, whereas the other hydrogenases isolated from 
Pesulfovibrio species contain Mi in addition to Te-S 
centers. IL. ■ultigntrmg hydrogenase (44) is the only one 
isolated from the cytoplasm and is unusual in that is more 
active in the Bs evolution than in the Hi uptake assay. 
Even hydrogenases isolated from two different strains of 
the same organism, JL. desulfuricans. seem to be markedly 
different (18,45,46).
Two hydrogenases have been found to be present in D. 
gjgas. one in the cytoplasm and the other in the periplasm 
(40,42,47). The periplasmic hydrogenase (Bs:ferrieytoahrome 
ci oxidoreductase, EC 1.12.2.1) has a molecular weight of 
69500 Da and exists as a dimer constituted by two different 
subunits of MM of 62000 and 26000, which are not covalently 
bound (48,49). The physiological role of the ensyme is Bs
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uptake; the hydrogenase is specifio to cytochrome os as 
electron carrier. A stumnary of some of the physicochemical 
and catalytic properties of £U. sitfas hydrogenase is listed 
in Table 4-1. The amino acid composition, listed in Table 
4-2, Indicates the preponderance of acidic amino acids, 
consistent with the acidic properties exhibited by the 
hydrogenase.
Klemental analysis of hydrogenase has yielded 11-12 Fe 
atoms, 12 acid labile sulfides, and 1 Ni atom per molecule 
(48-50). However, it should be mentioned that the presence 
of Ni in the enzyme was first detected by KPR (16), based 
on the similarity of the observed signal with that obtained 
for membrane-bound species from MathaimhaHMriiia brvantil 
(11). Quantitative extrusion experiments indicate the 
presence of about three tetrameric Fe-S centers (48).
Optimum pH has been found at a range 8.0-8.5 for the 
hydrogen uptake assay with oxidised BV, and at a range 4.0-
4.5 for Ha evolution from reduced MV (9,51). The proton- 
deuterium exchange reaction has been found to be optimum in 
the same pH range of the Ha uptake (51). However, the pH 
optima have been reported to depend somewhat upon the 
origin of the hydrogenase (51).
Like all Mi-containing hydrogenases, alaas
hydrogenase is stable in the presence of oxygen, although 
is inactive in terms of the proton-deuterium exchange
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TABLE 4 - 1
PHYSICOCHEMICAL AMD CATALYTIC PROPERTIES OF THE HYDROGENASE
FROM BKSHiEQyjBBIQ QIQAS
BBQEKBTY VALOE REF.
Molecular weight (Da) 89500 40
Polypeptide chains 2 (62000,26000) 48,49
Location periplasn 48,49
Os sensitivity stable 48
Purification conditions aerobic 16
Physiological role Hs uptake 26
Fe (g aton/nole) 11-12 48,49
Ni (g atom/mole) 1 50
Labile sulfide (noles/nole) 12 48,49
Specific activity
( ftnol Hs/ng.nin)
440 56
Extinction coefficient (400 nm) 46500 (ox) 48,49
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TABLE 4 - 2
AMINO ACID COMPOSITION OF DKSPLFOVIBBIO OIGAS HYDROGENASE 
(48,49)
AMINO ACID MQLES^MOLB
Lysine 53
Histidine 26
Arginine 34
Tryptophan 22
Aspartic Acid 74
Threonine 47
Serine 28
Glutanio acid 93
Proline 47
Glycine 71
Alanine 75
Cysteine 21
Valine 100
Isoleucine 70
Tyrosine 33
Phenylalanine 29
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reaction. Activity in thia assay only ensues following 
reductive activation. It has also been demonstrated that 
the "as isolated" enzyme does not display activity
in the Ba evolution assay with reduoed MV, and that this 
activity of the hydrogenase is significantly enhanced after 
treatment of the enzyme under anaerobic reducing conditions 
(52). Three different states of activation have been 
postulated for JL aiaas hydrogenase to explain the 
available activity data (9,52,53). The first, termed the 
unready state, corresponds to enzyme that is probably 
inactive in all assays. Activation of the unready state 
involves a lag phase, the length of which varies with the 
type of assay used (can be minutes or hours), followed by 
slow reductive activation, which occurs at midpoint redox 
potential of -310 mV (9). The unready state is considered 
to have the enzyme in the wrong conformation and redox 
state for catalytic activity. The second, termed the ready 
state, is inactive in the hydrogen-deuteriun exchange 
reaction, and is relatively inactive towards Ba, but can be 
fully activated following a brief Induction period by 
strong reductants. Most likely, the enzyme is in the right 
conformation but in the wrong redox state for catalytic 
activity. The third, termed the active state, is reducible 
by Ha without an induction period and is active in all 
assays. The state is stable only under anaerobic conditions 
and probably corresponds to the right conformation and 
redox level for catalytic activity (54).
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Like a l l  hydrogenases so f a r  reported , th e  absorption 
spectrum of JL a iaa s  hydrogenase in  th e  oxid ised  s ta te  
shows a broad absorption band centered around 400 nn,
a t t r ib u te d  to  8 ----- > Fe charge t r a n s fe r  t r a n s i t io n s  from
Fe-S ce n te rs , and a peak a t  280 nn, due to  absorption  from 
th e  p ro te in  (48,49). No absorp tions due to  Ni a re  detected  
in  th e  absorp tion  spectrum of th e  oxid ised  ensyme. On 
reduction , th e  absorption a t  400 nn decreases, as expected 
fo r  reduced Fe-6 cen te rs . This decrease has been re la te d  to  
th e  transform ation  from in ac tiv e  to  a c tiv e  enzyme, and 
th e re fo re  i t  has been suggested th a t  th e  redox cen te r 
responsib le  fo r  th e  a c tiv a tio n  of the  hydrogenase i s  one of 
th e  Fe-S cen te rs  p resen t in  th e  enzyme (9 ,55 ).
P rio r  to  th e  commencement of th i s  work, speotrosaopic 
ch a rac te r iz a tio n  o f th e  m etal cen te rs  in  L  a iaas  
hydrogenase was la rg e ly  lim ited  to  prelim inary EFR and 
Mossbauer s tu d ie s  of th e  Mas iso la ted "  ensyme. A rhombic 
EFR s ig n a l observable below 120 K c h a ra c te r is t ic  of N i(II I)  
in  b io lo g ic a l systems, a t  g = 2.31, 2 .23, 2.00, was
observed fo r  th e  "as iso la ted "  ensyme (16,50). Subsequent 
EFR s tu d ie s  of enzyme enriched w ith  •*Ni provided 
unambiguous proof th a t  t h i s  EFR s ig n a l was indeed 
associa ted  w ith  Ni (56). The observation th a t  th e  EFR 
signal was redox se n s itiv e  (16) was th e  f i r s t  evidence th a t  
Ni i s  an im portant fun c tio n a l component o f th i s  ensyme. In 
add ition  to  th e  Ni ( I I I )  EFR s ig n a l, th e  "as iso la ted "  
ensyme a lso  e x h ib its  an almost iso tro p ic  EFR sig n a l 
centered  a t  g = 2.02 th a t  i s  only observed below 50 K.
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Prelim inary Mossbauer s tu d ie s  of th e  "as iso la ted "  ensyme 
(57) ind ica ted  th a t  t h i s  KPR sig n a l o rig in a te s  from an 
oxidised  [3Fe-xSl ce n te r and th a t  th e  remaining Te i s  
p resen t as two diamagnetic [4Fe-4S]*+ cen te rs .
More recently* prelim inary X-ray absorption 
spectroscopy (XAS) s tu d ie s  on th e  Ni K-absorption edge have 
been reported  (38*39). The r e s u l ts  suggest th a t  N i(III)  i s  
reduced to  M i(ll) upon Ba reduction of th e  oxidised ensyme* 
and th a t  th e  ligands a re  bound to  th e  metal through two 
s h e lls  of su lfu r  atoms. The coordination  number was 
ca lcu la ted  to  be 6 fo r  both th e  ox id ised  and reduced 
ensymes. The moat l ik e ly  composition of th e  f i r s t  
coordination  sphere o f th e  Ni was proposed to  be NiSeS'n* 
where m = 3 o r  4, n = 3 o r 2, fo r  a t o t a l  (m+n) = 6. The 
possib le  d is tances were reported  to  be 2.27 AO fo r  the  Ni-S 
bond, and 2.10 A° fo r  th e  Ni-S*. However* th e  p o s s ib i l i ty  
of N- o r O-containing ligands could no t be ru led  out.
The o b jec tives of th i s  study were tw o-fold. F i r s t ,  to  
provide a more secure assignment of th e  type of th e  
co n stitu en t Fe-S cen te rs . Second* to  in v es tig a te  th e  
e le c tro n ic  and magnetic p ro p e rtie s  o f th e  Ni and Fe-S 
cen te rs  as a  function  of th e  redox s ta te  and a c tiv i ty  of 
th e  ensyme. I t  was hoped th a t  a combination of low 
tem perature MCD, low tem perature KPB* and UV-visible 
absorption spectroscopies would provide t h i s  inform ation 
and thereby e s ta b lis h  th e  natu re  of th e  ensyme ac tiv e  s i t e  
and th e  redox s ta te  o f th e  metal cen te rs  necessary fo r
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enzyme a o t iv i ty . During th e  course of t h i s  work, several 
low tem perature 1PR s tu d ie s  (including  those presented 
here) were published fo r  JL a iaa s  hydrogenase and o ther Ni- 
contain ing  hydrogenases in  a v a r ie ty  o f redox s ta te s .  These 
r e s u l ts  are  discussed and compared to  those observed in  
th i s  work in  th e  d iscussion  sec tio n  below.
4 .2 .2  RESULTS
4 .2 .2 .1  "AS ISOLATED" DESULFOVIBRIO G1QAS HYDROGENASE
In agreement w ith  previous s tu d ie s  (16,50,66), "as 
iso la ted "  L . a iaa s  hydrogenase e x h ib its  two d is t in c t  EFR 
ac tiv e  sp ec ies, each of which i s  observable over a 
d if fe re n t  range of tem perature. At very low tem peratures, 
and up to  *25 E, only a  nearly  iso tro p ic  s ig n a l a t  g = 2.02 
i s  observed (Fig. 4 -9 ). With increasing  tem perature, a 
rhombic s ig n a l a t  g = 2.31, 2 .23, 2.01 (hence ca lled  the  "g 
= 2.31" s ig n a l) s t a r t s  to  become d e tec tab le , whereas the
iso tro p ic  s ig n a l shows re lax a tio n  broadening. At 70 E th e  
iso tro p ic  s ig n a l i s  broadened to  th e  ex ten t th a t  i s  almost 
unobservable, and th e  rhombic fe a tu re  c o n s titu te s  th e  major 
component o f the  EFR spectrum; a t  100 E only th e  rhombic 
s ig n a l i s  detec ted . Prelim inary Mossbauer s tu d ies  (57) 
suggested th a t  th e  g = 2.02 iso tro p ic  s ig n a l o rig in a te s  
from an S = 1/2, oxid ised  [3Fe-xS] cen te r. However, i t  
shows some d iffe ren ces  when compared w ith th e  EFR sig n a ls  
of o ther reported  [3Fe-xS3 cen te rs  from b a c te r ia l
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Figure 4-9. BFR spectra of "as Isolated" IL. ClCU
hydrogenase. Knsyae (0.095 OH) In  50 aM Trla/HCl b u ffe r, pB 
8 .5 ; w ith 50X ethylene g ly co l. Conditions: Microwave power, 
1 r t ;  Modulation am plitude, 0.63 nT; niorowave frequency, 
9.02 QBa; ten p era tu res , as in d ica ted . M u ltip lica tion  
fa c to rs  in d ica te  r e la t iv e  gains.
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ferredox ins (35.56(59). The EFR s ig n a l in  EL. gjgaa 
hydrogenase i s  narrower, i . e .  wore iso tro p ic , and undergoes 
slower sp in  re la x a tio n  than o th e r known [3Fe-xS] apecies. 
The KPR sig n a l fro a  JL. a iaaa  hydrogenase i s  sa tu ra ted  a t  
1 nW a t  tem peratures below 20 K and can s t i l l  be detected  
a t  teap era tu rea  as high as 70 K. Other well charac te rised  
oxidised [3Fe-xS] cen te rs  ex h ib it g re a te r anisotropy and 
a re  nuch f a s te r  re lax ing  spec ies , being de tec tab le  only 
below 30 K.
The “g = 2 .31“ rhoafoic EFR s ig n a l observed a t  h igher 
teap era tu rea  corresponds to  th e  reported  low-spin M i(III) 
species in  a rhonbically  d is to r te d  octahedral environaent. 
This s ig n a l re lax es  appreciably  slower than  th e  Fe species, 
and i s  sa tu ra ted  even a t  0 .5  aW a t  tem peratures below 15 K. 
However, i t  can be q u an tified  a t  70 K and 1 aV under non 
sa tu ra tin g  cond itions. The N i(I I I )  EFR s ig n a l can be 
observed a t  teap e ra tu rea  as high as 120 K. The d iffe rence  
in  sp in  re la x a tio n  of th e  Fe and Ni species allows them to  
be q u an tified  sep ara te ly . Average values of th e  spin 
q u an tita tio n s  of th e  aaaples used in  t h i s  work were 0.95 a 
0.10 and 0.89 a 0.09 sp in s/ao lecu le  fo r  th e  [3Fe-xB] and 
th e  N i(I I I )  spec ies , re sp ec tiv e ly . Therefore, in  c o n tra s t 
to  previous s tu d ie s  (16 ,50 ,56), a la o s t a l l  th e  Ni in  the  
ensyae i s  accounted fo r  by th e  "g = 2.31" EFR sig n a l in  the  
"as iso la ted "  samples used in  th i s  work.
The room tenpera tu re  OV-visible absorption  spectrun 
shows th e  broad absorp tion  shoulder a t  around 400 nn 
c h a ra c te r is t ic  of 8 ----- > Fe charge t r a n s fe r  tra n s i t io n s
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fro a  th e  co n s titu en t Fe-S cen te rs  (F ig . 4-10). Mo o p tic a l 
t ra n s i t io n s  a t t r ib u ta b le  to  Ni a re  observed. The low 
tem perature MCD sp ec tra  a t  1.60, 4.22, 8 .3 , and 25.2 K, and
4.5  T, a re  r ic h  in  d e ta i l  compared to  th e  absorption 
spectrum, showing p o s itiv e  bands a t  740, 650, 500, 475,
460, 432, 416, and 400 nm, and negative bands a t  720, 610, 
590 , 570 , 530 , 368, and 345 nm (Fig. 4-10). The f o n  of th e  
low tem perature MCD spectrum i s  compared w ith  those of w ell 
ch a rac te rised  oxidised [3Fe-xS] cen te rs  and with th a t  
observed fo r  the  s im ila r  N i(II I)  species in  M. 
then flftp t^rPtrrfrPb* hydrogenase in  F ig . 4-11. The
comparison revea ls  th a t  th e  observed low tem perature MCD 
spectrum i s  b e s t ra tio n a lis e d  as a composite of e le c tro n ic  
tra n s i t io n s  from th e  Ni(IIX) and oxidised  (3Fe-xS] cen te rs . 
MCD m agnetisation data  were recorded fo r  peak-to-through 
530-475 nm (F ig . 4-12) and a t  366 and 345 nm (data  not 
shown). In each case th e  da ta  a re  In d ica tiv e  of an S = 1/2 
ground s ta te  fo r  the  MCD tra n s i t io n s .  Since th e  average 
g-value fo r  both paramagnetic chromophores i s  c lose  to  2, 
both w ill  show s im ila r MCD m agnetisation c h a ra c te r is t ic s ,  
e x . . see th e o re tic a l  d a ta  in  F ig. 4-12. The experim ental 
data  shown in  Fig. 4-12 do agree b e t te r  w ith th e  
th e o re tic a l  curve fo r  th e  oxidised [3Fe-xS] cen te r, but 
w ith in  experim ental e r ro r ,  i t  i s  not p ossib le  to  
unambiguously assign  th e  tra n s i t io n s  to  sp e c if ic  
chromophores by recourse to  MCD m agnetisation data  alone.
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Figure 4-10. Boob tem perature DV-yisible and low 
teap e ra tu re  MCD sp ec tra  of “as isolated* ]L  
hydrogenase. Knsyne (0.140 aM) in  50 aM Tris/BCl b u ffe r, pH 
8 .5 ; w ith 50% ethylene g lyco l. Conditions fo r  MCD spec tra : 
Magnetic f i e ld ,  4 .5  T; path leng th , 0.18 on; teap era tu rea , 
1.60, 4.22, 8 .3 , 25.2 K ( in te n s ity  of tra n s i t io n s
increasing  w ith decreasing te ap e ra tu re ) .
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figure 4-11. Comparison of the lorn tesperatare MCD spectre 
of "as isolated" JL. dofi hrdrogenase with those of other 
enmrees that contain Mi and/or oxidised [9fe-xS] oenters.
Conditions: Magnetic field* 4.5 T; teaperaturea* 1.5-1.6 K. 
MCD speotra of 1*. thtCTKiPbllUB and 4*. YlttOllWdli 
ferredoxins taken from (35).
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Figure 4-12. MCD nowt i H t U i Q  plot for " w  isolated" |L 
liOB Ipdzogenue. Temperatures: (•), 1.60 K; (x ), 4.22
K; wavelength* as indicated; Magnetic field between 0 and
4.5 T. Solid line represents theoretical Magnetisation 
curve for giao = 2.02; broken line represents theoretical 
Magnetisation curve for g„ = 2.01, g t = 2.27, m / m  = -1.
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4.2.2.2 DKSULFOVIBRIO QIGAS HYDROGENASE REDUCED WITH 
DITHIONITE
D. glgag hydrogenase can be reduced either by 
incubation with Ha or by addition of dithionite. Treatment 
of the ensyme with dithionite causes fundamental changes in 
the EFR and low temperature MCD spectra. The EFR spectrum 
at 10 K shows the disappearance of the isotropic signal 
centered at g = 2.02 (Fig. 4-13). Moreover, the “g = 2.31" 
signal from the Ni(III) species is lost and replaced by a 
new, previously unreported rhombic EPR signal with g-values 
at 2.29, 2.12, 2.04 (Hg = 2.29" signal) (Fig. 4-13). This
EFR signal is strongly power saturated at 10 K and 1 mW and 
appears to be superimposed on a very broad underlying 
resonance. The very weak negative feature at g = 1.91 is 
indicative of the presence of some reduced [4Fe-4S]i+ 
centers since it is lost at temperatures above 20 K. On 
raising the sample temperature to 100 K and then lowering 
it to 70 K, the "g = 2.29" signal was no longer apparent, 
instead another rhombic signal appeared at g = 2.19, 2.14,
2.01 ("g = 2.19" signal). This signal has previously been 
reported for Ha-reduced L. aiaas hydrogenase by other 
workers, and shown to arise from Ni by EFR studies on 
samples enriched with **Ni (56). On subsequently lowering 
the temperature to 15 K, the spectrum is now a composite of 
the "g = 2.29" signal and a broadened a,g = 2.19" signal.
This unusual temperature dependence behavior was not 
understood at the time these spectra were recorded. It can
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Figure 4-13. KFS ipootri of 1L flittB hydrogenase reduced 
with 20-fold exoess of dithionite. Ensyme (0.130 oN) in 50 
nM Trie/HCl buffer, pB 8.5; with 50 X ethylene glycol. 
Conditions: Microwave power, 1 iff; Modulation amplitude, 
0.63 mT; microwave frequency, 9.02 QHs; temperatures, as 
indicated. The KFR spectra shown were recorded in 
chronological order (see text for explanation of the 
differences in the 10 and 15 K spectra). Multiplication 
factors indicate relative gains.
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be rationalised now ainoe subsequent results (see below) 
show that the "g = 2.29" signal is derived f roa the "g = 
2.19“ signal by photolysis at teaperaturea below 70 K and 
that the photolysed form reverts back to the unphotolysed 
form at teaperatures above 100 K. Moreover, the "g = 2.29- 
signal has aore rapid spin relaxation than the Mg = 2.19"
signal, and the latter has very unusual teaperature 
dependence behavior, see below. Spin quantitation of the "g 
= 2.29" and the "g = 2.19" signals in the dithionite-
reduced ensyme under non saturating conditions revealed 
both to be ainor species with each accounting for 
approximately 0.1 spins/nolecule, see Table 4-3.
The rooa teaperature UV-visible absorption spectrum of 
dithionite-reduced IL. gixas hydrogenase shows a decrease in 
the absorption at 400 nm, consistent with the reduction of 
Fe-S centers (Fig. 4-14). The band at 314 nm arises from 
sodium dithionite. The ratio of the absorbances at 400 nm 
for the oxidised and reduced forms of the ensyme yields a 
value of 0.62, suggesting that all the Fe-S oenters are 
reduced by dithionite. MCD spectra of the dithionite- 
reduced ensyme at 1.65, 4.22, 8.9, and 14.1 K, and 4.5 T,
show very intense bands with positive — at 720, 535,
500, 445, 405, and 370 nm, and negative peaks at 635 and
580 nm (Fig. 4-14). The fora and intensity of the speatra 
resemble those of reduced [3Fe-x8] oenters (Fig. 4-15). 
This assignment is confirmed by the magnetisation data at 
370 nm (Fig. 4-16). The curves magnetise very steeply and
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Figure 4-14. Boot temperature 0V~visible and low 
temperature MCD spectra of IL. ■!■■■ hydrogenase reduced 
with 20-fold exoesa of dithionite. Enzyme (0.130 aM) in 50 
aM Tria/BCl buffer. pH 6.5; with 50% ethylene glycol. 
Conditioua for MCD spectra: Magnetic field, 4.5 T;
pathlength, 0.14 on; teaperaturea, 1.65, 4.22, 8.9, 14.1 K 
(intensity of transitions increasing with decreasing 
temperature).
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Figure 4-15. Comparison of the low teaperature MCD spectra 
of Ba -reduced L  glai hydrogenase with those of other 
ensjaos that contain reduced [SFe-xS] oenters. Conditions: 
Magnetic field, 4.5 T; teaperaturea, 1.5-1.6 K. MCD speotra 
of Bj. siaas Fdll and vinelandii Fdl taken fron (35).
227
X=370nm
05
/3B/2kT
Figure 4-16. MCD Magnetisation plot for dithionite-reduoed 
IL. aleas hydrogenase. Teaperaturea, (•), 1.65 K; ( x ),
4.22 K; (A), 8.9 K; (□), 14.1 K. Wavelengths, as
indicated; Magnetic fields between 0 and 4.5 T. Solid line 
represents theoretical magnetisation curve for g,, = 8.0, gx 
= 0.0, as/a* = -1.
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the fora of the plot at the lowest teaperature is close to 
the theoretical curve for g// = 6.0 and 8i - 0.0, and m /m* 
= -1, which are the theoretical g-values that correspond to 
the tfa = * 2 doublet of an 8 = 2 ground state under
eoapletely axial aero field splitting. Previous 
aagnetisation data for other reduced £3Fe-x8] centers have, 
been rationalised in terns of such a ground state (36). 
Sinilar aagnetisation data were observed at 720 nn (data 
not shown). Therefore. in agreenent with the low 
teaperature MCD spectra of well characterised reduced 
[3Fe-xSJ centers, it is concluded that this center is 
responsible for the Majority of the MCD intensity in these 
two regions of the spectrua. Magnetisation data recorded in 
other regions of the spectrua, e.g.. at 645 na (data not 
shown), can be adequately explained by considering 
significant contributions froa S = 1/2 paranagnetic Fe-S 
centers in addition to that froa the S = 2 reduced [3Fe-xS] 
center. As shown below, the S = 1/2 centers correspond to 
reduced [4Fe-4S]*+ centers. It is interesting to note that 
these centers are not readily observed in the EPS spectra 
for the dithionite-reduced saaple.
4.2.2.3 DES0LJ0VIBBI0 GIQAS HYDROGENASE REDUCED WITH 
HYDROGEN
Different stages of reduction can be obtained by 
incubation of the ensyae with Ha for varying tine periods. 
Therefore, to obtain a better understanding of the sequence
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reduction steps, individual sasples of the hydrogenase were 
exposed to Hi and aliquots were taken after different 
periods of incubation. The samples were 1— artlately frosen 
in the dark and the extent of reduction was Monitored by 
EFR spectroscopy. The tiwe of incubation with Hi in order 
to obtain the sawe stage of reduction was found to differ 
with preparations. This difference possibly depends on the 
purity of the hydrogenase with respect to the electron 
carriers, in whose presence the reduction is More rapid. A 
typical series of KPR spectra for a sasple of JL gigaa 
hydrogenase incubated with Ha for up to 10 hours is 
presented in Fig. 4-17. Since EFR signals for the Hi 
species are observed at temperatures up to 100 K, whereas 
those for Fe-S centers are generally observed below 30 K, 
EFR spectra for the sawe sawple are shown at *"70 K and at 
temperatures between 10 and 20 K. It should be mentioned 
that the periods of incubation herein referred to are those 
of the ensyme samples shown in the figure. Correlation to 
other Ha-reduced samples was done by comparison of the EFR 
spin quantitations of the different species present. The 
EFR spin quantitation data that accompany the spectra in 
Fig. 4-17 are given in Table 4-3.
The EFR spectra of the ensyme reduced for an hour with 
Ha still show the Mg = 2.31" signal due to the oxidised 
Hi(III) species and the spin quantitation data indicate 
that it is only slightly decressed in intensity (0.80 a 
0.08 spins/molecule) compared to the "as isolated" ensyme
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Figure 4-17. KFB spectra of L  d o g  hydrogenase et 
different periods of incubation with Hi. (a) as isolated;
(b) 1 hour; (o) 2 hours; (d) 3 hours; (e) 10 hours. Knsyne 
(0.097 sM) in 50 aM Tris/HCl buffer, pH 7.6; with 50% 
ethylene glycol. Conditions: Microwave power, 1 aW;
aodulation aaplitude, 0.63 aT; aicrowave frequency, 8.98 
GHs; teaperatures, as indicated. Multiplication factors 
indicate relative gains.
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TABLE 4 - 3
EFR SPIN QUANTITATIONS OF THE DETECTABLE SPECIES IN 
BBSBLgQYlBRlQ fllfiAS QGEMSfi
STATE OF THE ENZYME E z X A M K  SPIBS/BQIgSQhE
As Isolated
[SFe-xS]** » 2.02 0.95*0.10
Ni(III) b 2.31,2.23,2.01 0.89*0.09
Dithion ite-reduced 
N1 b 2.19,2.14,2.02 0.11*0.02
2.29,2.13,2.04 0.11*0.02
Hs-reduced
1 hour, [3Fe-xS]“+ ■ 2.02 0.14*0.02
Ni(III) b 2.31,2.23,2.01 0.80*0.08
2 hours, [3Fe-xS]»+ • 2.02 0.04*0.01
Ni(III) b 2.31,2.23,2.01 0.34*0.04
3 hours, Ni b 2.19,2.14,2.02 0.10*0.01
4 hours, Nl b 2.19,2.14,2.02 0.10*0.01
6 hours, Nl b 2.19,2.14,2.02 0.12*0.02
10 hours, Nl b 2.19,2.14,2.02 0.18*0.02
24 hours, Nl b 2.19,2.14,2.02 0.27*0.03
2.29,2.13,2.04 0.24*0.03
Alr-reoxldlsed
[3Fe-xSl“+ • 2.02 0.78*0.08
Nl(III)b
and
2.31.2.23.2.01
2.33.2.15.2.01
0.51*0.05
* Spin quantitations performed at 22 K and 1 nW vs MetHbCK 
b Spin quantitations performed at 70 K and 1 nW vs CuEDTA
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(0.89 * 0.09 spins/molecule). In contrast, the nearly
isotropic signal arising fro* the oxidised [3Fe-xS] center 
loses over 80% of its original intensity daring the first 
hour of Ht reduction. After two hours of incubation with Hz 
the KPR signal of the oxidised [3Fe-xS] center only 
quantifies to 0.04 * 0.01 spins/molecule, whereas the "g = 
2.31“ KFR signal of the oxidised Ni(III) species accounts 
for 0.34 * 0.04 spins/nolecule. Upon three hours of
exposure to Hz, the isotropic signal has disappeared, 
indicating that the [3Fe-xS] center is costpletely reduced. 
The “g = 2.31“ signal is also completely lost after 3 hours 
and is replaced by the “g = 2.19“ rhonbic signal (0.10 *
0.01 spins/nolecule) that is also attributed to Hi (see 
above). The samples of hydrogenase reduced with Hz for 4, 
6, and 8 hours also show the “g = 2.19" KFR signal,
however, the spin quantitation steady increases reaching 
0.18 t 0.02 spins/molecule after 10 hours, and maximally 
accounting for 0.27 spins/molecule after 24 hours.
As seen in Fig. 4-17, the "g = 2.19" signal shows an 
unusual temperature dependence, changing form dramatically 
at temperatures below 15 K. A detailed study of this 
temperature dependence was therefore undertaken, and the 
results are shown in Fig. 4-18. At temperatures below 10 K, 
the line shape changes completely and main features are 
observed at g = 2.21, 2.17, and 2.10. In addition, there is 
a weak derivative signal attributed to a radical species at 
g - 2.00 and a very weak signal probably associated with
reduced [4Fe-4S]*+ centers at g = 1.90. The relationship
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Figure 4-18. Temperature depeadenoe of the g = 2.19, 2.14, 
2.02 KPS signal of 10 hour Eh -reduoed IL liiU hrdrofanue. 
Enzyme (0.097 wH) in 50 wH Tria/BCl buffer, pH 7.8; with 
SOX ethylene gljrool. Conditions: Microwave power, 1 ail; 
modulation amplitude, 0.63 uT; uiorowave frequency, 8.98 
GHz; temperatures, as indicated. Multiplication factors 
indicate relative gains.
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between the complex EFR signal observed at 8 K and the "g = 
2.19" rhombic Mi signal that is seen at 70 K is presently 
unclear. The g-values for the low temperature spectrum i.e. 
gav > 2) are not characteristic of reduced [4Fe-4S]*+
centers. A more likely explanation is that the complex 
signal observed at low temperatures originates from spin 
coupling between the paramagnetic Ni species and a very 
fast relaxing [4Fe-4Sji+ center. It should be emphasised 
that presence of a significant concentration of S = 1/2
[4Fe-4S]*+ centers is not apparent in the low temperature 
EFR spectra. In an attempt to ascertain if such centers 
were indeed present in the sample, parallel UV-visible and 
low temperature MCD studies were performed on the samples 
used for the Hs reduction.
The room temperature UV-visible absorption spectrum of 
the sample reduced for an hour does show a decrease in the 
absorption at 400 nm, that is consistent with the reduction 
of Fe-S centers (Fig. 4-19). The MCD spectra of the 
corresponding sample at 1.64, 4.22, 6.2, and 15.3 K, and
4.5 T are very intense and show positive transitions at 
720, 500, 450, 400, and 360 nm, whereas negative bands are
apparent at 570 and 525 nm (Fig. 4-19). The form and 
intensity of the spectra are very similar to those arising 
from other reduoed [3Fe-xS] centers (see Fig. 4-15). 
Magnetisation data at 720 and 450 nm (Fig. 4-20) show that 
the experimental plots are consistent with those expected 
for an S = 2 reduced [3Fe-xS] center with D < 0 leaving the 
M» = * 2 doublet lowest in energy. The slight deviation for
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Figure 4-19. I o n  twperatan OT-riiible »baorpti<* 
low twporatttN MCD spaotri of IL. lillD h f d r o w n m  
incubated with Bi for one boor. Bujoe (0.097 aM) in 50 aM 
Trio/HCl buffer, pH 7.6; with SOX ethylene glycol. 
Conditions for MCD spectra: Magnetic field, 4.5 T;
pathlength, 0.17 ca; teaperatures, 1.64, 4.22, 8.2, 15.3 K 
(intensity of transitions increasing with decreasing 
teaperature).
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Figure 4-20. MOD Magnetisation plots for L. Mflift 
hydrogenase incubated with Bt for c m  boor. Temperatures, 
<•), 1.64 K; (x) .  4.22 K; (A), 8.2 K; (□), 15.3 K.
Wavelengths, as indicated; magnetic fields between 0 and 
4.5 T. 8olid line represents theoretical magnetisation 
curve for gy/ = 8.0, gx = 0.0, m / m  = -1.
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the data at 450 na la probably due to snail contributions 
to the MCD intensity fros the S = 1/2 Mi(III) or oxidised 
[3Fe-xS3 centers still present in the enzyme. On further 
reduction, only relatively ainor chances in the low 
tenperature MCD spectra are observed, as can be seen in 
Fig. 4-21, which shows the MCD spectra at *2 K and 4.5 T of 
saaples incubated with Hi for different periods of tiae. 
The aost noticeable change on prolonged Ha incubation 
occurs in the region between 500 and 700 na, where another 
negative band develops around 630 na, and the previously 
aentioned negative band at 570 na beeoaes clearly positive 
with a at 540 na. In addition, the intensity of the
remaining transitions is slightly increased. This
observation supports the assertion that the reduced 
[3Fe-xS] center is responsible for the doainant
contribution to the low tenperature MCD spectrum. The 
magnetization data of partially reduced samples at 
different wavelengths (data not shown) indicate the 
presence of S = 1/2 paraaagnetic chroaophores that appear 
on prolonged Ha incubation and contribute to the MCD in 
variable proportions at different wavelengths. The
collection of magnetisation data at the newly . developed 
bands was attempted, but the results could not be
satisfactorily rationalised due to the poor quality of data 
from these weak bands and the faot that the MCD intensity 
at these wavelengths arises from overlapping chroaophores 
with different ground state spins.
The room tenperature UV-visible absorption spectrua
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Figure 4-21. Low tenperature MCD spectra of L. d i u  
hydrogenase at different perioda of inoubetion with Hi. (e)
1 hour; (b) 2 hours; (o) 3 hours; (d) 10 hours. Knsyne 
(0.097 rt) in 50 nM Tris/HCl pH 7.6; with 50% ethylene 
glycol. Conditions for MCD spectre: Magnetic field, 4.5 T; 
(a) pathlength, 0.17 cm; tenperature, 1.64 K; (b) 
pathlength, 0.17 on; tenperature, 1.56 K; (o) pathlength, 
0.16 on; tenperature, 1.68 K; (d) pathlength, 0.17 an, 
tenperature, 1.57 E.
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and low temperature MCD spectra for a sample Incubated 
with Bs for 24 hours is shown In Fig. 4-22. The low 
temperature MCD spectra were recorded at 1.57, 4.22, 8.7,
and 19.7 K, and 4.5 T. The MCD spectra are almost identical 
in form and intensity to those observed on dithionite 
reduotion (cf. Fig. 4-14). Likewise, the observed 
magnetisation data at selected wavelengths is very similar. 
For the 24 hour Ha-reduoed sample magnetisation data at 
some wavelengths, such as 720 nm, can be adequately 
simulated with the theoretical data for the reduced 
[3Fe-xS] center. However, at other wavelengths, such as 404 
nm the magnetisation plots indicate significant contribution 
to the MCD intensity from S = 1/2 chromophores (Fig. 4-23). 
In an attempt to ascertain the MCD spectrum of this S = 1/2 
species that becomes reduced subsequent to reduction of the 
[3Fe-xS] center, the MCD spectrum of the sample reduced for 
2 hours with Ha, in which the 3-Fe centers are almost 
completely reduced (see Table 4-3), was subtracted from 
that of the sample reduced for 24 hours with Ha under 
identical conditions (Fig. 4-24). The resultant spectrum 
closely resembles that observed for well characterised S = 
1/2 [4Fe-4S]i+ centers (for examples, see Ref. 35).
Moreover, the intensity of the MCD is consistent with two 
of these tetranuclear clusters. Hence the MCD data provide 
strong evidence that the two [4Fe-4S] centers in IL. CifU 
hydrogenase are reduced and paramagnetic when the "g = 
2.19" signal is apparent. This result is in accord with the 
observed decrease in the OV-visible absorption on reduction
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Figure 4-22. Boon tenperature (JV-risible absorption and Ion 
tenperature MCD apeotra of JL. fllll hydrogenase Incubated 
with lb for 24 hours. Kdstm (0.097 aM) in B0 all Tria/HCl 
buffer, pH 7.6; with 60X ethylene gljrool. Conditions for 
MCD spectra: Magnetic field, 4.5 T; pathlength, 0.17 on;
tenperatures, 1.57, 4.22, 5.7, 19.7 K (intensity of
transitions increasing with decreasing tenperature).
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Figure 4-23. MCD Magnetisation plots for L. cUtt 
hydrogenase incubated with Bi for 24 hoars. Tenperatures,
(• ). 1.57 K; (x ), 4.22 K; ( a ) ,  8.7 K. Wavelengths, as
indicated; Magnetic fields between 0 and 4.6 T. 8olid line 
represents theoretical Magnetisation curve for g// - 8.0, gx 
= 0.0, mb/m+ = -1.
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Figure 4-24. Upper panel: Low tenperature MCD spectra of
]L lilu hjrdrogenaae inoubated with Bi for S and 24 hours. 
Lower panel: Differenoe speetrun. Conditions: Magnetic
field, 4.5 T; tenperature, 1.6 K.
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with Ha or dithionlte (i.e.. Ar ad/Aoz = 0.62). This result 
leaves the question as to why the S = 1/2 [4Fe-4S]* +
centers are not readily observed in the KPR spectra of Ha- 
or dithionite-reduced saaples. The most probably 
explanation is weah intercluster spin-spin interaction 
which broadens the signal to such an extent that cannot be 
readily detected.
4.2.2.4 DESPLFOVIBRIO GIGAS HYDROGENASE TREATED WITH AIR
When Ha-reduced JL gixas hydrogenase is partially 
oxidised by exchanging the atmosphere for Na or Ar and then 
is exposed to air for about 10 min, the [3Fe-xS} centers 
become partially oxidised, as evidenced from the EFR 
spectrum of the ensyme at "15 K, in which the g = 2.02
isotropic signal accounts for approximately 0.76 
spins/molecule. In addition, an extremely broad signal is 
detectable around g = 16 (Fig. 4-25, insert). In an earlier 
report, a similar broad signal was reported in a sample of 
reoxidised ensyme and was attributed to either a spin- 
coupled metal center or to a strong coupling between 
centers (49). More recent studies on other systems 
containing reduced [3Fe-xS] centers indicate that this 
signal originates from a AMb = 4 forbidden transition
within the Mb = m2 doublet of the 8 = 2 ground state and 
requires the sero field splitting to be predominantly axial 
(60). It is interesting to note that this signal is not 
observed in more reduoed samples of the ensyme. At 70 K,
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the isotropic signal has broadened considerably and two 
rhoabic signals arising froa Ni are clearly detectable, the 
Mg = 2.31** signal, and a new rhoabic species at g = 2.33,
2.15, 2.00 (herein, "g = 2.33“ signal) (Fig. 4-25). As
discussed before, the foxaer signal corresponds to the 
Ni(III) species present in the inactive fora of the ensyae. 
In light of the reported activity studies (see above), it 
seens reasonable to attribute the “g = 2.33" signal to the 
ready state of the ensyae. The ready state is usually 
observed on anaerobic reoxidation and is believed to 
correspond to the ensyae in the correct oonfomation but 
incorrect redox state. Its presence in the air-treated 
ensyae could probably be explained by the exchange of 
ataosphere to which the saaple was subjected prior to 
oxidation with air. Coabined the two rhoabic EFR signals 
yielded -0.51 spins/nolecule, suggesting that not all the 
possibly detectable Ni has been reoxidised.
The MCD spectra of the air-treated ensyae, at 1.67, 
4.22, and B.4 K, and 4.5 T, show positive aaxiaa at 738, 
700, 644, 500, 453, 410, and 372 na, and negative bands at
566, 522, and 330 na (Fig. 4-26). The intensity and
position of the bands tend to suggest that there are still 
soae reduced C3Fe-xS] centers, in accord with the spin 
quantitation data and the observance of the broad low field 
EFR signal. This result is wore clearly apparent when the 
MCD spectrua of the "as isolated" ensyae is subtracted froa 
that of the air-reoxidised ensyae, at the saae tenperature
245
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Figure 4-25. EFR ipeotni of elr-reoxldiMd IL --- _
Ensyae (0.130 nM) in 50 iH Tris/HCl buffer, pH 
8.5; with 50X ethylene glycol. Conditions: Microwave power, 
1 aW; aodulation amplitude, 0.63 aT; microwave frequency, 
9.02 GHs; temperature, 75 K. Insert: EFR spectrua in low 
field region; tenperature, 11 E. Multiplication factors 
indicate relative gains.
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Figure 4-26. Low tenperature 19CD spectra of air-reoxidised 
P. nleaa hjrdro|en«M. Knsyne (0.130 aM) in 50 aM Tria/HCl 
buffer, pB 6.5; with 50% ethylene glycol. Conditions: 
Magnetic field, 4.5 T; pathlength, 0.17 on; teaperatures,
1.67, 4.22, 8.4 K (intensity of transitions increasing with 
decreasing tenperature).
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and Magnetic field (Fig. 4-27).
4.2.2.5 LOW TEMPERATURE PHOTOLYSIS OF Ha-REDUCED 
DESPLFOVIERIO GIGAS HYDROGENASE
As reported above, the changes observed as a function 
of tenperature in the "g = 2.19" EFR species of the 
dithionite-reduced sample could not be rationalised at the 
time the data were recorded. No plausible explanation could 
be made to account for the possible interconversion of the 
"g = 2.19" signal into the "g = 2.29" signal. To gain sone 
insight as to the process involved, the effect of light on 
the "g = 2.19" signal was studied. It was observed that 
when samples of H2-reduced or dithionite-reduced JL gjgas 
hydrogenase are frozen in liquid nitrogen in the dark and 
kept under these conditions, the enzyme only exhibits the 
ug = 2.19" EPR signal. However, when the frozen enzyme is 
exposed to day light even for a few minutes (-2 min), the 
”g = 2.29" signal starts to develop. Under longer exposure 
to light, the conversion from one signal to the other 
appears to be complete (Fig. 4-28), as evidenced by the 
spin quantitations of the individual signals, which give 
approximately the same values (see Table 4-3). Both the ”g 
= 2.19" signal (dark) and "g = 2.29" (photolyzed) signal
are observable up to 100 K. However, warning of the 
photolyzed sample in the dark above 120 K or thawing under 
Ha and refreezing the sample in the dark results in 
quantitative reconversion to the "g = 2.19" signal. In
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Figure 4-27. Upper panel: Lew ten p era tu re  MCD sp ec tra  o f
“m  iso la te d "  and a ir-re o x id ise d  IL. f i o i  lnrdrogenaae.
Lower panel: D ifference apeotrun. C onditions: Magnetic
f ie ld , 4 .5  T; ten p e ra tu re , 1 .6 -1 .7  K.
249
2J9 2.14 2.02
2.042.122.29
280 290 300 310 320 330
Mognetic Field/mT
Figure 4~28. BPS spectra of reduoed JU elaaa hydrogenase 
before (upper panel) and after (lower panel) photolysis 
with a 200 W aenon norcury are lawp at 560 wm for 20 win. 
Knsyne (0.097 wM) in 50 aM Tria/HCl buffer, pB 7.6; with 
50% ethylene glyaol. Conditions: Microwave power, 1 aM; 
aodulation aaplitude, 0.63 aT; aiorowave frequency, 8.96 
GHa; tenperature, 70 K. Multiplication factors indicate 
relative gains.
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tens of relaxation properties! power saturation 
experiments at 20 K reveal that the "g = 2.29" signal
relaxes appreciably faster than the "g = 2.19" signal.
Also, in contrast to the Hg = 2.19" signal( the "g = 2.29” 
signal does not show any appreciable change in form over 
the temperature range 10 to 75 K (Fig. 4-29). However, 
since preparing this figure, EFR studies were conducted in 
this laboratory at temperatures down to 3 K, and the 
results indicate pronounced splitting of the g = 2.12 and 
g = 2.04 features at this low temperature. Therefore, the 
Ni signal in both photolysed and dark samples is involved 
in spin interaction with another paramagnetic center.
A more detailed study of the kinetics and wavelength 
dependence of the photolytic process was attempted by 
monitoring the loss of the Mg = 2.19” EFR signal as a 
function of time in the presence of monochromatic light. 
The objective of these experiments was to obtain a 
photoaction spectrum for the photolytic process. The 
photoaction experiment was performed by exposing the ensyme 
to light within the range 300-700 nm, and monitoring the 
decrease of the "g = 2.19” signal as a function of time. 
The wavelength of the incident radiation was changed by 50 
nm for each experiment. The desired wavelength was selected 
by means of a monochromator, and the data were corrected 
for light intensity by measuring the lamp profile. The 
photolysis was performed at different temperatures in the 
range 10-70 K, and approximate first order rate constants 
were obtained by means of the Guggenheim method (61). The
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Figure 4-29. Tewperature dependence of the g = 2.29, 2.12, 
2.04 signal of reduoed L  d U B  hydrogenase. Iu t m  (0.140 
In 50 Tris/BCl buffer, pH 0.5; with 50X ethylene 
glycol. Conditions: Microwave power, 1 >V; modulation
anplitude, 0.63 nT; alcrowave frequency, 9.02 Cffls; 
tewperatures, as indicated. Multiplication factors indicate 
relative gains.
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observation of approximateI7 linear Quggenheia plots 
indicates first order kinetics. At longer wavelengths, a 
■ore pronounced decrease in the intensity of the signal was 
observed at the start of the photolysis, and this is 
attributed to slight heating of the sample by the light 
beam. Two typical Guggenheim plots at the same wavelength 
for two different temperatures are presented in Fig. 4-30. 
The data indicate that, at a given wavelength, the rate of 
photolysis is not significantly temperature dependent, 
which is a common attribute of many photolytic processes.
The photoaction spectrum, i.e. first order rate 
constant Yfi wavelength of photolysis, corrected for the 
lamp profile (Fig. 4-31) shows a clear increase in the rate 
of photolysis as the wavelength of radiation approaches the 
0V region. Similar photoaction spectra, including the small 
maximum at 550 nm were obtained for five different 
experiments. The significance of these results and the 
origin of the photolytic activity is discussed below.
4.2.3 DISCnSSIOH
The results presented here add greatly to our 
understanding of the nature and redox properties of the Hi 
and Fe-S centers in L  sixes hydrogenase. The low 
temperature MCD and IPS data reveal different types of 
information and are mutually complementary. The low 
temperature MCD studies turn out to be particularly 
informative concerning the types of Fe-S centers that are
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Figure 4-30. Ouggeohein plots of the photolysis of Bi- 
MAiosd 1L. giggg bvdrogmiN «fc 600 n .  Monitored as 
decrease of the Mg = 2.19" signal as a function of tine. 
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“* = 2.19” D B  signal of reduced 1L hjrdrogenaae.
Tenperature, 70 K.
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present and their redox states during reductive activation. 
In contrast, the KFR studies furnish detailed information 
concerning the redox properties of the Ni center and reveal 
that at least four different types of Ni species can be 
observed under different conditions during the activation 
circle. The significance of the above results is discussed 
below for both the oxidised and reduced forms of the 
ensyme, and the data are compared with KFR results from 
other research groups for this ensyme and other Ni- 
containing hydrogenases, that have appeared during the 
course of this work. Finally, the possible catalytic 
mechanisms that are consistent with the data are discussed.
The EFR and MCD results for "as isolated" L. alaas 
hydrogenase indicate the presence of two paramagnetic 
species, an oxidised [3Fe-xS] center and a Ni(III) center 
each in stoichiometric amounts with the protein molecule. 
In addition, the available Mdssbauer data (57) suggest the 
presence of two diamagnetic [4Fe-4S]*+ centers, which is 
consistent with the MCD and EFR results reported here. It 
should be noted that the ensyae in this "as isolated" state 
corresponds to the unready form and is inactive in all 
assays.
Recent EFR studies combined with ensymatic assays 
performed by other workers have correlated the appearance 
of the "g = 2.19" EFR signal in the reduoed ensyae with 
ensymatic activity (34,56,57). Therefore, it is of 
importance to establish the nature and redox states of the 
metal centers in redox states where this signal is
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aaxiully observed. In this work, the "g = 2.19" signal 
maximally accounted for "’SOX of the Mi in the ensyne, which 
is somewhat lower than that reported by other groups (40- 
60X) (34,56,57). However, it should be noted that whereas 
this signal is definitely associated with Mi (56), in no 
instance does it account for all the Ni in the enzyme. UV- 
visible and low temperature MCD studies reveal that in this 
state of the enzyme the [3Fe-xS] center is reduced and that 
one, or more likely both, of the [4Fe-4S] centers are 
reduced. One important observation that can be inferred 
from this result is that conversion of the [3Fe-xSJ center 
to a [4Fe-4S] center does not occur during reductive
activation of the enzyme. Therefore, the possibility that 
such a center conversion is responsible for reductive
activation can be discounted. Such a conversion is known to 
be responsible for the reductive activation of aconitase
(56). The redox state of the Mi (I or III) cannot be 
unambiguously ascertained from the observed EPR signal. 
Studies of the low temperature MCD spectra during Hs 
activation give no evidence for any optical transitions 
that could be attributed to a paramagnetic Ni species in 
the reduced forms of the enzyme. However, in light of the 
spin quantitation of the "g = 2.19" signal, it could be 
that MCD transitions from this center are present but 
buried under the intense MCD from the reduced [3Fe-xS] 
center.
Since the "g =2.19" signal would be completely
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converted to the "g = 2.29" signal under the conditions
used for measurement of the MCD spectrum* it is more
accurate to state that MCD optical transitions associated 
with the Ng = 2.29" Ni species are observed. Another
intriguing observation is that one or both of the [4Fe-4S]
centers are reduced but are effectively EPR silent. This is 
most probably a result of intercluster spin coupling which 
would tend to broaden the EPR signals such that they are 
not readily observable. This intercluster spin coupling 
could involve all these reduced centers or any two of the 
three. In addition* there appears to be spin coupling 
between the Ni center responsible for the "g = 2.19” signal 
and one of the [4Fe-4S]*+ centers, which manifests itself 
by splitting in the "g = 2.19“ signal at temperatures below 
10 K. The coupling is considered to be between the Ni and 
an S = 1/2, [4Fe-4S]1+ center rather than the paramagnetic
S = 2 reduced [3Fe-xS] center because similar anomalous
temperature behavior for “g = 2.19” signals has been
reported for other hydrogenases that do not have any 
[3Fe-xSJ centers (54,62). Since the observation of spin 
coupling indicates that the Ni center and one of the 
[4Fe-4S] centers are in close proximity, it is tempting to 
speculate that the Ni center is the hydride binding site 
and the [4Fe-4S] center is the proton binding site in a 
heterolytio mechanism. The minimum metal requirements for a 
Ni-containing hydrogenase would be one Ni center and one 
[4Fe-4S] center. It is interesting to note that 5L_ vinftgyin 
hydrogenase does indeed have this metal composition and
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■oreover, it displays similar EPS characteristics to those 
observed for JL. giaas hydrogenase in the reduced state (62- 
64).
Another interesting property of the "g = 2.19" Ni
signal is that it readily undergoes photolysis at 
tenperatures below 100 K, giving quantitative conversion to 
the "g = 2.29" Ni species. Becent studies of the
tenperature dependence of the photolysed Ni KFR signal 
indicate that it is still spin coupled to the [4Fe-4S]i♦ 
center. However, the onset of splitting in the spectrum 
occurs at lower tenperatures than for the "g = 2.19"
signal, presumably due to nore rapid spin relaxation for 
the "g = 2.29" species. During the course of this work, 
Albraoht et al. (63) reported similar photolytic activity 
for the "g = 2.19" Ni signal in £L. hydrogenase and
showed that the photolysis was first order in light and had 
a marked deuterium isotope effect (the rate decreased by a 
factor of 5 in DaO vs. HaO). These results, combined with 
those reported here for XL. aiaas hydrogenase, indicate that 
photolysis involves photolytic cleavage of a Ni-H bond. 
Whether the hydrogen is present as hydride, hydrogen atom 
or a proton remains to be established. Host notably, this 
conclusion establishes Ni as the hydrogen binding and 
activity site of Ni-containing hydrogenases. The facile 
interconversion at temperatures above 100 K shows that the 
hydrogen species does not move far away from the Ni center 
on photolytic bond cleavage. Since the Ni-H bond cleavage
259
would be expected to be Mediated by absorption of light in 
the Ni d-d region, the photoaction spectrin was obtained, 
in an attempt to locate the d-d transitions for the Ni "g = 
2.19" species. It was hoped that, in addition to giving 
information about the type of photolytic process involved, 
this would provide insight into the redox state of the Ni 
responsible for the "g = 2.19" signal, since MCD
spectroscopy has already established the location for the 
d-d transitions of the Ni(III) site in the "as isolated" 
enzyme (see above). It should be expected that if the Ni is
present in the 1+ oxidation state, the S  > Ni charge
transfer bands would be shifted further into the UV and the 
d-d bands would be shifted in the near IR. Unfortunately, 
the results are inconclusive. There is a small maximum in 
the photoaction spectrum at 550 nm, which corresponds with 
the d-d absorption for Ni(III), but the peak for the 
photoaction spectrum appears to be in the UV region. This 
raises the possibility that a change in redox state of the 
metal is also involved in the photolytic process, since it 
would involve absorption of light in the UfCT region (65). 
One possibility that seems to explain the above 
observations is that the "g = 2.19" species corresponds to 
a Ni(III)-H- species and that photolysis causes 
photoreduction and bond cleavage giving Ni(I) plus B*. The 
proton may be held in the nearby proton binding site and 
the "g = 2.29" signal would then correspond to a Ni(I)
species. The change in the anisotropy of the KPR signal on 
photolysis, i.e. g t > g^ for the "g = 2.19" signal and
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Si < S// for the Mg - 2.29“ signal is consistent with this 
interpretation, based on the KFR studies of Ni(I) and 
Ni(IIX) model complexes (32,33,37). The absence of any MCD 
bands attributable to Ni in the wavelength range 300-800 
na, for 24 hour Ha-reduced samples, is also consistent with 
this hypothesis.
Assignment of the redox state of the Ni associated 
with the ”g = 2.19” signal is crucial to any mechanistic 
scheme for hydrogenase activity. Catalytic schemes have 
been proposed with Ni(III) and Ni(I) being the 
catalytically active redox site (34,61,63,66-69). 
Unfortunately the data presented here do not unambiguously 
answer this question. However, the photoaotion spectrum 
appears to be best rationalised in terms of a Ni(lll) 
species, and the absence of significant hydrogen hyperfine 
coupling in the EPR spectrum is hard to rationalise in 
terms of a Ni(I) species. If the Ni(III) hypothesis is 
correct, then it is possible that the disappearance of the 
”g = 2.31" signal on reductive activation under Ha is not 
associated with reduction of the Ni to Ni(II) but rather 
with reduction of a [4Fe-4S] center to the S = 1/2, 1+
oxidation state, which is then involved in spin-spin 
interaction with the Ni(III) species, rendering it EPR 
silent. Subsequent slow activation would then entail a 
conformational change which perturbs the coupling and the 
Ni(III) environment, to give the "g = 2.19” signal. Further 
circumstancial evidence in favor of this hypothesis comes
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froi the observation that a [4Fe-4S] center is in close
proximity to the Ni site responsible for the "g = 2.19"
%
signal.
If both the "g = 2.31" and the "g = 2.19" signals
correspond to a 3+ oxidation state, it seems reasonable to 
assume that the "g = 2.33" Ni EPR species obtained on 
anaerobic reoxidation of the ensyme also corresponds to a 
Ni(III) species, in accordance to that proposed by Moura et 
al. (66). This signal is most likely associated with the 
ready state of the enzyme, and represents the enzyme in 
the right conformation but in the wrong redox state for 
enzyme activity (67). It should be noted that, under the 
hypothesis proposed here, reductive activation involves a 
conformational change but not necessarily reduction of the 
Ni(III) center, and the reducing equivalents are used to 
reduce the constituent Fe-S centers.
In conclusion, it can be seen that the combination of 
UV-visible absorption, low temperature EPR and low 
temperature MCD spectroscopies has enabled assessment of 
the metal species involved in catalytic activity. The above 
picture of the active site should be viewed in the spirit 
of a working model at present. Further MCD experiments with 
M, therwoa» +•<">•*•-r-opVi \ nim hydrogenase at various stages of 
reduction are necessary to confirm or refute this model. 
Further studies with this enzyme should prove particularly 
informative since the low temperature MCD spectrum will not 
be dominated by transitions from a reduced [3Fe-xS] center.
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5.0 CfrOSTRIElHH T m U Q A m i ™  CARBOH MONOXIDE
DEHYDROGENASE
5.1 INTRODUCTION
A great amount of carbon monoxide la formed every year 
In non-biological as well as in biological processes. 
However, CO is constantly removed from the environment, so 
that the CO concentration in the ambient atmosphere remains 
essentially constant. Different organisms such as aerobic 
and anaerobic bacteria, molds, and plants are involved in 
carbon monoxide oxidation. Among the anaerobic 
microorganisms, in addition to all methanogenic bacteria, 
several organisms from the genus CHwtrrijlVlffi have been 
reported to ip vivo oxidise carbon monoxide to carbon 
dioxide. These include fix pasteurianum (1,2), 5L_
theraoautrfrtrfrPMflVftl (5).
The autotrophio microorganism fi*. thermoaceticua is a 
homoaoetate-fermenting bacterium which stoichiometrically 
converts glucose or substrates such as 00 or OO2/H2 into 
three moles of acetate (6,7). The synthesis of acetate 
proceeds in different steps, shown in reactions 1 to 5, 
that are catalysed by different ensyme systems (8-10).
CeHiaOs + 2ADP +2P1---> 2CH»C0G00H + 4H+ + 2ATP + 2HaO
+ 2e- (1)
2CBsC0C00H + 2CoASH  > 2CHsCOSCoA + 2C0a + 4H+ + 4e~ (2)
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ATP ♦ CO* + THF + 6H+ + B e -  > CBsTBF + ADP + Pi
♦ HaO (3)
2H+ + 2e~ + CO* + CBsTHF + CoASB > CB* COCoA + THF
♦ BaO (4)
SCBsCOSCoA + 3Pi + 3ADP -- > 3CHsC00B ♦ 3ATP + 3CoASB (5)
Total reaction:
GsBiaOe + 4ADP + 4 P i  > SCBsOOOB + 4ATP + 4B*0 (6)
In the above reactions, CoA represents coensyme A and 
THF represents tetrahydrofolate. Beactions 3 and 4 
represent the eost novel aspect of the pathway. These two 
reactions have been shown to be catalysed by five 
components, named Fi to Fs (6). One of these components, 
designated as Fa, is a mixture of four proteins, some of 
which are an hydrogenase, GO dehydrogenase (00- 
MV: oxidoreductase), and a corrinoid ensyme which acts as 
methyl acceptor (6,11,12).
The present work will only be concerned with the 
ensyme carbon monoxide dehydrogenase, from C. 
thernoaceticum. The ensyme is involved in four different 
types of reactions in acetate biosynthesis: (i) Oxidation
of GO to 00s; (ii) Reduction of 00* to GO; (iii) Formation 
of a one-carbon intermediate (Gi) from 00; (iv) 
condensation of this Cl intermediate with the methyl group 
and the CoA group to form acetyl CoA. These reactions are 
represented below by equations 7 and 8 (6,7,11).
00 + H a O  > C i  > 00a + 2H+ + 2e- (7)
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COa + H» + CHsTHF + CoASH THF + HaO
+ CHaOOBCoA (8)
In ad d itio n , 00 dehydrogenase ca ta ly ses  an exchange 
reac tio n  between CO and th e  carbonyl group of ace ty l CoA, 
as ind ica ted  in  equations 9 and 10 (7 ,13 ).
CHs*C0SCoA + 00 spssSs CHaCOSCoA + *00 (9)
CHa GOSCoA* + CoASH ^ = 2 t  CHaCOSCoA + * CoASH (10)
Ferredoxin i s  believed  to  be th e  n a tiv e  e lec tro n  
c a r r ie r  fo r  CO dehydrogenase (12). Cytochrome ca , FMH, a 
membrane-bound cytochrome b, MV, BV, MB, and rubredoxin can 
be reduced by th e  iso la te d  ensyme, whereas FAD, NAD, o r 
NADP cannot serve as e lec tro n  acceptors (6 ,12 ,14).
The n e ta l  conten ts in  00 dehydrogenase seeas to  vary 
depending on whether th e  ensyme o rig in a te s  from an 
anaerobic o r an aerobic microorganism. CO dehydrogenase 
from th e  anaerobic b a c te r ia  nasteurianum (9 ,15), 
formicoaceticum (3 ), thfitmsaggtiSiHI (12), and
Acetoba^t f woodil (16) have been reported  to  contain  Ni 
whereas th a t  from th e  aerobic bacterium  Pseudomonas 
oarboxyfl«w»*’*" «■ has been reported  to  contain  Mo instead  of 
Ni (10,17). The presence of Ni in  th e  anaerobic 
microorganisms was unambiguously proved by iso to p ic  
su b s titu tio n  of th e  Ni requ ired  fo r  growth by **Ni in  C. 
nas t eur1 00 dehydrogenase (15).
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CO dehydrogenase i s  very Oa se n s itiv e  (IB). Upon 
aerobic ox idation , th e  ensyne i s  in ac tiv a ted  and a Ni 
fa c to r  has been reported  to  be re leased  fro a  th e  ensyne in
C. pasteurianum and JL. th e rao ao e ticun (6 ,15 ). The Ni fa c to r  
has a lso  been separated  under ac id ic  conditions (14). The 
nature  of th i s  fa c to r  and i t s  re la tio n sh ip  to  th e  ensyne 
has y e t to  be es tab lish ed . The re le a se  of a s im ila r fa c to r  
has not been reported  fo r  th e  Mo-containing CO 
dehydrogenase (19).
The CO dehydrogenase from £L them oaceticun  has a 
no leou lar weight of about 440000 and c o n s is ts  of th ree  
dim eric u n its ,  g iving a s tu c tu re  (op)* (18). Other workers 
have reported  a no lecu lar weight of 250000 (20). Each nole 
of d in e ric , (a ))  u n it  appears to  contain  2 g atom Ni, 1 g 
aton Zn, 11 g aton Fe, and 14 acid  la b i le  su lf id e s  (14). 
Higher Zn conten ts (2-3 g aton) has been reported  fo r  a 
nore a c tiv e  ensyne. No o ther n e ta ls  have been found to  be 
co n s titu en ts  of th e  ensyne. Some of th e  physicochemical 
p ro p e rtie s  reported  fo r  JL them oaceticun  CO dehydrogenase 
are  l i s te d  in  Table 5-1.
The DV-visible absorption spectrum of th e  ensyne 
e x h ib its  a s l ig h t  shoulder around 390 nn, probably a r is in g
from S ----> Fe charge t ra n s fe r  t r a n s i t io n s ,  and a band a t
277 nn, due to  absorption  fron  the  p ro te in  (12,14,18).
Spectroscopic ch a ra c te r isa tio n  of th e  natu re of th e  
co n s titu en t n e ta l  cen te rs  in  fij. them oaceticun  CO 
dehydrogenase has, up to  now, been confined to  EPR
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TABLE 5 - 1
PHYSICOCHEMICAL AMD CATALYTIC PROPERTIES OF CLOSTRIDIUM 
THERMOAGETICUM CARBON MONOXIDE DEHYDROGENASE
PROPERTY VALUE BEFt
Molecular weight 440000 12
250000 13
Number of subunits 6 (3x78000,3x71000) 12
Oa s e n s i t iv i ty very s e n s itiv e 12
P u rif ic a tio n  conditions anaerobic 12
NI (g atom/mole) 6 12
Zn (g atom/mole) 3-9 12,14
Fe (g a to a /ao le ) 33 14
Labile su lf id e  (moles/mole) 42 12
S pecific  a c t iv i ty  (a) 500 14
(fiaoles GO/nin.mg)
Vm, CO oxidation  (b) 750 14
(pmoles CO/nin.mg)
(a) At 50 o c( w ith  MV as e lec tro n  c a r r ie r .
(b) At 50 oc.
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in v es tig a tio n s  (8 ,13 ,18 ,19). The oxidised , as iso la ted  
ensyne ( i . e . . anaerob ically  iso la te d  in  th e  presence of 
d ith io n ite  and subsequent removal of d i th io n ite  on a 
Sephadex G-25 column) was reported  to  d isp lay  a  weak 
rhombic EFR spectrum a t  77 K, a t  g = 2 .21 ,2 .11 ,2 .02  (19).
Based on th e  tem perature and microwave power 
c h a ra c te r is t ic s ,  i t  was a ttr ib u te d  to  a N i(I I I )  species 
s im ila r  to  th a t  found in  p u rif ie d  hydrogenases from 
su lfa te -red u c in g  and aethanogenic b a c te r ia  (19). However, 
i t  corresponds to  only 10X of th e  t o t a l  Hi content of th e  
ensyme. On reduction  w ith d ith io n ite , th i s  s ig n a l i s  lo s t  
and replaced by a complex EFR spectrum th a t  i s  observable 
only below 20 K (13). I t  has been resolved in to  two 
overlapping rhombic s ig n a ls , a t  g = 2.04, 1.94, 1.90, and 
g = 2.01, 1.86, 1.75 w ith a combined spin  q u an tita tio n  of
5.4 sp ins/no leou le  (13). Because of t h e i r  re laxa tion  
behavior, both s ig n a ls  have been assigned to  [4Fe-4S]1 + 
cen te rs  (13), although i t  should be emphasised th a t  one of 
th e  s e ts  of g-values (g = 2.01, 1.86, 1.75) i s  not ty p ic a l
of th i s  type of cen te r. A fter ox idation , by removal of 
d i th io n ite ,  and subsequent reduction  w ith  th e  n a tu ra l 
su b s tra te  GO, th e  same s ig n a ls  were observed. In  add ition , 
a new EFR s ig n a l, approximately a x ia l ,  w ith  g = 2.07, g =
2.02, i s  re a d ily  observed a t  tem peratures up to  120 K. Spin 
q u a n tita tio n s  fo r  th i s  s ig n a l a t  70 K, when the  o ther 
s ig n a ls  a re  no t observed, was reported  to  account fo r  3.0 
spins/m olecule (13). EFR experiments have since
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concentrated on id en tify in g  th e  natu re  of the  metal cen te r 
th a t  i s  responsib le  fo r  th i s  novel s ig n a l (18,19). Iso top ic  
su b s titu tio n  of the  enzymatic Hi w ith Ni, and 00 w ith 
1*00 revealed th a t  the  unpaired e lec tro n  associa ted  w ith 
th i s  EPR s ig n a l i s  d e lo ca lised  over both Hi and 00 (19).
More re cen tly , EFR s tu d ie s  o f ensyne is o la te d  from b a c te ria  
grown on *TFe, in d ica te  th a t  Fe i s  a lso  assoc ia ted  w ith th e  
s ig n a l, suggesting a novel Fe-Hi-GO complex. The appearance 
of th i s  s ig n a l only in  th e  presence o f su b s tra te , and the  
f a c t  th a t  CO d ire c tly  binds to  th i s  metal c en te r, suggests 
th a t  a novel Hi-Fe cen te r i s  th e  a c tiv e  s i t e .  Further 
support fo r  th e  physio log ical relevance of th i s  EFR signa l 
comes from th e  observation th a t  i t  i s  markedly perturbed by 
th e  binding of CoA o r ac e ty l CoA, both of which are  
su b s tra te s  fo r  th e  ensyme (8 ). In  th e  absence of CoA or 
ace ty l CoA, th e  s ig n a l has been reported  to  be the  
composite of two spec ies, an a x ia l s ig n a l w ith g = ■ 2.07,
2.03, and a rhombic sig n a l w ith g = 2.06, 2.05, 2.03. The
add itio n  of CoA o r ac e ty l CoA i s  reported  to  convert the  
rhombic s ig n a l in to  th e  a x ia l one. The rhombic s ig n a l has 
no t been observed in  is o la t io n  (8 ,18).
An understanding of th e  mechanism of ac tion  of C. 
thermoacM»+.< »«■ 00 dehydrogenase req u ire s  a  knowledge of th e  
ox idation  s ta te  and type of th e  m etal cen te rs  p resen t in  
th e  ensyme. While th e  e x is tin g  EFR d a ta  p o in t to  a novel 
Fe-Hi-CO cen te r p lus some ad d itio n a l Fe-S c lu s te rs , fu r th e r  
c h a ra c te r isa tio n  of th e  novel cen te r and th e  type of Fe-S 
cen te rs  i s  required  by more d iscrim inating  spectroscopic
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techniques. In  this investigation, the nature of the netal 
centers in £*. thermos CO dehydrogenase was studied
by aeans of low temperature MCD spectroscopy, in 
combination with RPR spectroscopy. Used together, these 
techniques are Mutually coapleMentary and constitute 
sensitive and discriMinating probes for paraMSgnetio Metal 
centers in biological systems. In  addition, it was hoped 
that a coMparison of the results obtained by MCD and EFR 
spectroscopies for the Ni centers in hydrogenases to those 
obtained for the Metal in CO dehydrogenase would provide a 
better insight into the electronic and Magnetic properties 
of this Metal in biological environMents.
5.2 RESULTS
5.2 .1  AS ISOLATED CLOSTRIDIUM THKRMOACKTICOM CARBON 
MONOXIDE DEHYDROGENASE
Six d is t in c t  sasp les  (I-V I) of f i t  thermoa«et< nnm CO 
dehydrogenase, as iso la te d , were in v estig a ted  by MCD and 
EFR spectroscop ies. The samples were a l l  iso la te d  
anaerob ically  in  th e  presence of DTT ra th e r  than 
d ith io n ite , and th e re fo re , were considered to  be in  the  
oxidised s ta te  as iso la te d . U nfortunately, th e  sanples were 
found to  vary s ig n if ic a n tly  both in  te m s  of th e  presence 
of iM purities and th e  redox s ta te  of th e  ensyme.
One sample, VI, exh ib ited  an in tense EFR sig n a l th a t
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can be a t tr ib u te d  to  a major im purity of a C o(II) co rrino id  
(Fig. 6 -1 ). As Mentioned above, a C o-corrinoid ensyme i s  a 
co n s titu en t along w ith CO dehydrogenase, o f component Ft of 
thermoa«ft-M The KPR s ig n a l i s  e s s e n tia lly
a x ia l, w ith  g x = 2.26 and g/, = 2.06, and in d ica tiv e  of low- 
sp in  C o (ll) w ith th e  unpaired e lec tro n  lo ca lised  in  th e  di> 
o rb i ta l ,  s ince  pronounced hyperfine s p l i t t in g  i s  observed 
only on g//. Cobalt has a  nuclear sp in , I  = 7/2 and th e  g 
resonance i s  s p l i t  in to  e ig h t equally  spaced l in e s , 
enabling unequivocal assignment to  Co (21). The presence of 
a N (I  = 1) donor as one of th e  ax ia l ligands of th e  Co i s
in d ica ted  by th e  observation th a t  each of the  e ig h t
hyperfine l in e s  i s  s p l i t  in to  a t r i p l e t .  In common w ith 
o ther low-spin S = 1/2 C o(II) species, th e  EFR sig n a l i s  
re la t iv e ly  slow re lax ing  and i s  b e s t observed above 30 K 
(Fig. 6 -1 ). Close inspection  of the  EFR sp ec tra  of a l l  the 
samples in v estig a ted  revealed an EFR sig n a l a t  g * 2.3 of 
varying in te n s i ty , th a t  can be a ttr ib u te d  to  th i s  co rrino id  
im purity.
One of th e  “as iso la ted "  samples, V, exh ib ited  EFR 
s ig n a ls  th a t  a re  in d ica tiv e  of p a r t ia l  reduction . The EFR 
sp ec tra  fo r  th i s  sample a re  shown in  F ig. 5-2. At
tem peratures below 50 K, a rhombic EFR s ig n a l a t  g = 2.04, 
1.94, 1.90 (s ig n a l A), in d ic a tiv e  of a [4Fe-4S3l+ c lu s te r
i s  observed. At tem peratures below 15 K, a previously 
unreported, f a s t  re lax ing , rhombic s ig n a l a t  g = 2.01,
1.81, 1.65 (s ig n a l C) i s  observed. There i s  some
uncerta in ty  as to  th e  low f ie ld  g-value, s ince  i t  i s
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Figure 5-1. KFR sp ec tra  o f  "as iso la te d "  L  ______________
00 d d o d ro m a t t t  l v u n  w ith  o o rrino id  p ro te in . Knsjme 
(0.034 all) in  50 nH Tris/HCl b u ffe r , pH 7 .6 , with 0.02 nM 
DTT, 0.1k g lycero l end 50k (v /v ) ethylene g lyco l.
Conditions: Microwave power, 1 d l ;  Modulation anp litude,
0.63 mT; nicrowave frequency, 6.99 GBi; tem peratures, as 
in d ica ted . M u ltip lica tio n  fa c to rs  in d ic a te  re la t iv e  gains.
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overlapped by a sharp derivative-shaped  s ig n a l fro a  a 
ra d ic a l spec ies . However* D B  in te n s ity  a t  g -  2.01
c e r ta in ly  increases cbnoonitantly  w ith th e  g = 1.81 and
1.65 fe a tu re s  on going to  lower teap era tu rea  (Tig. 5 -2 ). 
While i t  seens l ik e ly  th a t  t h i s  s ig n a l o rig in a te s  fro a  a 
reduced Te-S cen te r, th e  type o f c lu s te r  th a t  i s  
responsib le  i s  unknown a t  p re sen t. In add itio n  to  these  two 
8 = 1/2 s ig n a ls , th e re  i s  a weak s ig n a l a t  g = 2.32,
in d ica tiv e  o f a  tra c e  of co rrin o id  in p u r ity , and a weak 
s ignal a t  g = 5.4 (F ig. 5-2, in s e r t )  th a t  i s  observable 
below 15 K. A s i a i l a r  s ig n a l has recen tly  been a ttr ib u te d  
to  an S = 3/2 [4Fe-4B]i+ ce n te r in  F e-pro te in  fro a
n itrogenase (22 ,23). Whether th i s  s ig n a l i s  p resen t in  the  
fu l ly  oxidised ensyae o r appears on reduction  i s  s t i l l  to  
be asce rta in ed . I t  has been observed fo r  n itrogenase Fe- 
p ro te in  th a t  urea s h i f t s  th e  e q u ilib r iu a  between the  8 =
1/2 and th e  8 = 3/2 ground s ta te s  of th e  [4Fe-4S]*+ c lu s te r  
towards th e  8 = 3/2 ground s ta te ,  whereas ethylene glycol 
s h i f t s  i t  towards th e  8 = 1/2 ground s ta te  (22,23). Since 
th e  saap les used fo r  KFR in v es tig a tio n s  contained 50% v /v  
ethylene g lyco l, th e  sane saap le  of "as iso la ted "  ensyae 
was tre a te d  w ith  a urea so lu tio n , in  th e  absence of 
e thylene g lyco l and in v estig a ted  by KFR. The re s u l ts  (data  
not shown) in d ica te  th a t  urea has l i t t l e  e f fe c t  on th e  
in te n s ity  o f th e  g = 5.4 s ig n a l. Moreover, th e  sp in
q u an tita tio n  o f s ig n a l A a t  20 K and 1 aW aicrowave power 
was unchanged, y ie ld in g  approx iaately  1.3 sp in s /ao lecu le , 
ir re sp e c tiv e  of the  presence o f u rea. Spin q u an tita tio n  of
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Figure 5-2. D R  sp ec tre  o f “a s  iso la ted*  t .  therwoaoeticnw 
00 dehpdrogsnase th a t  was p a r t i a l  Ip  reduced. In s e r t : Low
f ie ld  region of EFR sp ec tra . Knspae (0.037 aM) in  50 eH 
Tris/HCl buffer* pH 7 .6 , w ith  2 wH  DTT, and 50* (v /v)
ethylene g lyco l. Conditions: Microwave power, 1 Ml;
Modulation am plitude, 0.63 kT; eicrowave frequencp, 9.00 
GHs; tem peratures, as in d ica ted . M u ltip lica tio n  fa c to rs  
in d ica te  r e la t iv e  gains.
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sig n a l C was a a rr ie d  out a t  10 K and 1 mW nicrowave power 
using Ju s t th e  g = 1.65 absorption-shaped peak (24). By 
th i s  c r i t e r i a  urea d id  no t s ig n if ic a n tly  a l t e r  the  
in te n s ity  o f s ig n a l C, which accounted fo r  approximately 
0 .9  spins/m olecule in  th e  samples w ith and w ithout urea.
The remaining "as iso la ted "  samples (1 to  IV) were 
almost completely KPR s i l e n t  in  th e  tem perature range 10 to  
100 K except fo r  a minor tra c e  o f s ig n a l C and a v a ria b le  
amount of th e  C o-corrinoid s ig n a l. These samples a re  
believed to  correspond to  th e  most oxidised form of C. 
thermoaf f»t •* "iff 00 dehydrogenase th a t  was investig a ted . 
U nfortunately, whether o r no t these  samples exh ib ited  a g =
5.4 s ig n a l below 15 K i s  no t known, s ince  sp ec tra  over a 
wide f ie ld  range were no t ro u tin e ly  recorded a t  th e  time 
these  da ta  were taken. I t  I s  noteworthy th a t  no s ig n a ls  
th a t  could be a t tr ib u te d  to  th e  H i( I I I )  species reported  by 
previous workers (19) were observed in  th i s  work. This nay 
be due to  th e  presence of DTT. F urther work on samples 
a f te r  removal of DTT i s  c le a r ly  requ ired , before any 
s ig n if ic a n t conclusion can be drawn from th i s  observation.
The room tem perature UV-visible absorp tion  spectrum of 
"as iso la ted "  sample I I I ,  which was e f fe c tiv e ly  KPR s i le n t ,  
shows an absorption shoulder around 400 nm, th a t  i s  
co n s is ten t w ith  th e  presence of oxid ised  Fe-S cen te rs  (Fig. 
5 -3 ). The low tem perature HCD sp ec tra  taken a t  tem peratures 
between 1.53 and 90 K, and 4 .5  T, in d ica te  th e  presence of 
a paramagnetic species th a t  i s  no t apparent in  the  KPR. 
P o s itiv e ly  signed bands a re  observed a t  750, 580, 477, 435,
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Figure 5-3. Boob tem perature UV-visible absorption  and Ion 
tem perature MUD sp ec tra  o f oxid ised  fix. tiMneoM B tiam  00 
dehydrogenase. Knsyae (0.039 aM) in  70 nM KPi b u ffe r, pB
7 .8 , w ith 5 aM DTT and 50X (v /v ) ethylene glyool.
Conditions fo r  MCD sp ec tra : Magnetic f ie ld ,  4 .5  T;
path length , 0.16 cm; tem peratures, 1.53, 4.22, 19.8, 52, 
and 90 K ( in te n s i ty  o f tra n s i t io n s  increasing  w ith
decreasing tem perature).
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376, and 330 na, Whereas a negative band la  apparent a t  30b 
na. The fo ra  and in te n s ity  of these  HCD sp ec tra  were 
co n s is ten tly  observed in  a l l  th e  oxidised saap les th a t  were 
stud ied  in  t h i s  work, independent on th e  s l ig h t  degree of 
reduction  th a t  soae of then  showed.
As aentioned above, th e  Mas iso la ted "  saap le VI, fo r  
which KPR spec tra  a re  shown in  Vig. 5-1, was th e  a o s t 
iapure w ith th e  C o-corrinoid enzyae. This ia p u r ity  i s  not 
only evident in  th e  KFR sp ec tra , bu t a lso  in  th e  rooa 
tem perature UV-viaible and in  th e  low tem perature HCD 
sp ec tra  (Fig. 5 -4 ). The rooa tem perature OV-visible 
spectrum e x h ib its , in  ad d itio n  to  th e  fe a tu re s  already 
described fo r  th e  oxid ised  ensyae, an ad d itio n a l weak 
shoulder around 470 na. The low tem perature HCD sp ec tra  
taken a t  1.55, 4.22, 8 .9 , and 52 K, and 4 .5  T, e x h ib it very 
in ten se , tem perature dependent t ra n s i t io n s ,  q u ite  d if fe re n t  
from those  observed in  aore pure samples o f 00 
dehydrogenase. I t  i s  noteworthy th a t  soae o f th e  bands 
observed in  these  HCD sp ec tra  can a lso  be observed in  the  
HCD spec tra  o f th e  oxid ised  sample presented in  F ig. 5-3, 
e sp e c ia lly  a t  477 and 320 na. In  o rder to  ob ta in  a  b e t te r  
idea of th e  fo ra  of th e  tem perature-dependent HCD a r is in g  
from oxidised  CO dehydrogenase, th e  s n a i l  diamagnetic 
con trib u tio n  to  th e  HCD was e l ia in a te d  by su b trac tin g  the  
HCD spectrum a t  90 K from those a t  a l l  o th er tem peratures 
(Fig. 5-5 a ) , and then a f ra c tio n  o f th e  HCD spectrum
corresponding to  th e  sample iapure w ith  th e  co rrin o id  
ensyae was sub trac ted . The f ra c tio n  of th e  HCD spectrum of
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Figure 5-4. Boob tem perature U V -risible absorp tion  sad low 
tem perature HCD speo tra  o f "as Isolated*1 1L t fw f o a a a t ic a i  
00 dehydrogenase iapure w ith  o o rriao id  p ro te ia . bsyae
(0 .0 34 aM) in  50 aM Tris/HCl b u ffe r, pH 7 .6 , w ith 0.02 aM 
DTT, 0.1% g ly cero l, and 50% (v/v) ethylene g ly co l.
Conditions fo r  HCD speo tra : Magnetic f i e ld ,  4 .5  T;
path leng th , 0.16 oa; tem peratures, 1.55, 4 .22, 6 .9 , and 52 
K ( in te n s ity  of t r a n s i t io n s  increasing  w ith decreasing 
tem perature).
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th e  Iapure sample to  be sub trac ted  was determined by 
approximately matching th e  In te n s ity  of th e  peak a t  477 na 
In both sp ec tra  (Fig. 5-5 b ) . The re su l ta n t  d iffe ren ce  HCD 
spectrum I s  presented  in  F ig . 5-5 o. The spectrum does not 
correspond w ell to  th a t  reported  th u s fa r  fo r  any Fe-S 
c lu s te r  (25). I t  most c lo se ly  corresponds to  th a t  observed 
fo r  [4Fe-4S]i+ cen te rs  although the  negative fe a tu re  
usually  p resen t between 600 and 700 na i s  no t apparent.
M agnetisation da ta  taken a t  750 and 376 na! 
wavelengths a t  which th e  con tribu tion  to  th e  MCD from the  
co rrino id  ensyae I s  expected to  be almost n e g lig ib le , show 
a very s teep  and s l ig h tly  nested  m agnetisation curve a t  750 
na a f te r  being co rrec ted  fo r  diamagnetism as already 
described In previous chapters (F ig. 5 -6 ). The data  
d e f in ite ly  do not correspond to  a species w ith  an B = 1/2
ground s ta te .  B ather, a t  th e  lowest tem perature the  data  
can be adequately sim ulated w ith th e  values g x = 4, g// = 2, 
and as/a+ = -1 . These g-values are  expected fo r  th e  Hi = * 
1/2 sero  f ie ld  component of an S = 3/2 ground s ta te  under 
purely  ax ia l sero  f i e ld  s p l i t t in g .  At 376 na, th e  
pronounced n es tin g  in  th e  m agnetisation curve a lso  
corroborates th a t  th e  t ra n s i t io n s  do no t a r is e  from an 8 = 
1/2 ground s ta te ,  bu t from a sp in  s ta te  th a t  has low ly ing  
sero  f ie ld  components. As mentioned above, th e  presence of 
an 8 = 3/2 type sig n a l in  the  KPR spectrum of th e  "as
iso la ted "  ensyme was no t in v estig a ted . Combined th e  form of 
th e  MCD spectrum and th e  m agnetisation data  suggest th e  
ex istence of a novel S > 1/2 c lu s te r  th a t  i s  probably
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Figure 5-5. (a) Par— gnetlc low temperature MCD specrtra
of oxidised 11* the— oaoetioim 00 dehydrogenase. Obtained by 
subtraction of 90 K spectrun froa those at other 
teaperatures. (b) Par— agnetio MCD speotra of oxidiaed and
iapure L  the— oaoetioun 00 dehydrogenase at 1.60 K. (o) 
Differenoe spectrua.
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Figure 5-6. MCD Magnetisation plots for "as lsolatod* 
oxidised JL. tharmoaoeticun 00 dehydrogenase. Teeperaturoo:
<•), 1.53 K; ( x ) t 4.22 K; ( A ) .  19.8 K; <□), 52 K; (o) ,  
90 K. Wavelengths, as indicated; Magnetic fields between 0 
and 4.5 T. Solid line represents theoretical Magnetisation 
curve for g /y = 2.00, gA = 4.00, nz/n+ = -1.
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related to a type of [4Fe-4S]*+ center.
5.2.2 CLOSTRIDIUM THKRMOAfnETTfOTM CARBON MONOXIDE 
DEHYDROGENASE REDOCED WITH DITHIONITE
Samples of thermoaoet 1 cue CO dehydrogenase reduced
with varying amounts of dithionite, calculated on basis of 
the protein concentrationv show a very coupler set of EPR 
signals, some of which have already been discussed since 
they were present in one of the "as isolated” samples 
studied in this work (see above). The EPR signals observed 
in the dithionite-reduced enzyme are mainly distributed in 
the region g = 2.10 to 1.60 and exhibit different relative 
intensities depending on the temperature of observation.
When one of the most purified and oxidised samples, 
sample III, was reduced with 20-fold excess of dithionite, 
the resultant EPR spectrum at 13 K mainly shows the 
features corresponding to signal A. (i.e.. g = 2.04, 1.94,
1.90) (Fig. 5-7). In addition, a very small contribution 
from signal C is apparent ( g = 2.01, 1.81, 1.65). Power
saturation studies of signal A indicate that it is 
partially saturated at 1 mW at temperatures below 15 K. The 
signal can be quantified under non saturating conditions at 
1 mW at temperatures between 18 and 30 K. At higher 
temperatures, the signal exhibits relaxation broadening. It 
is still observable as a broad signal at 71 K but is no 
longer detected at 95 K. Spin quantitation of signal A at 1 
mW and at 19 and 28 K yielded 1.63 spins/molecule.
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Figure 6-7. KPR speotra of L  thsmoaoeticun 00 
dehydrogenase reduced with 20-fold exoess of dithionite. 
Knsyae (0.037 aM) in 70 aM KPi buffer, pB 7.8, with 6 aM 
DTT, and BOX (v/v) ethylene glycol. Conditions: Microwave 
power, 1 aW; Modulation aaplitude, 0.63 aT; aicrowave 
frequency, 9.00 GHa; teaperatures, aa indicated. 
Multiplication factors indicate relative gains.
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Due to the very low spin quantitation that was 
obtained for the above sample, when compared with the non- 
heme Fe content In CO dehydrogenase, it was assumed that 
the sample was not completely reduced, and additional solid 
dithionite was added. KPR spectra for the same sample 
reduced with this very large excess of dithionite are shown 
in Fig. 5-8. At 11 Kf in addition to signal A, a rhombic 
signal is apparent at g = 1.97, 1.88, 1.75 (signal B).
Signal C is no longer observed. Signal B corresponds to a 
species that relaxes faster than signal A, since it is only 
readily observed at temperatures below 20 K. Due to the 
relaxation properties of this signal, it seems reasonable 
to assume that it arises from an Fe-S center, and has been 
previously attributed to a reduced [4Fe-4S]*+ center (13). 
However, this assignment must be viewed as tentative, since 
no known [4Fe-4S]i4 cluster exhibits an EPR spectrum with 
such large g-value anisotropy. In addition to signal B, 
another EPR signal appears on reduction with solid 
dithionite; the axial signal at gx = 2.08, g// = 2.03
(signal D) that has been attributed to the Mi-Fe-00 center 
in CO-reduced samples (18) is also observed (Fig. 5-8). 
This signal is particularly evident at 71 K since it 
originates from a relatively slow relaxing species, and at 
this temperature the fast relaxing EPR signal from the Fe-S 
centers exhibits marked broadening. This constitutes the 
first report that this signal can be elicited from 00 
dehydrogenase in the absence of 00. As for the sample 
reduced with 20-fold excess of dithionite, the EFR
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Figure 5-8. KPR speotra of C* tharoaaggtllTllff 00 
dehydrogenase reduced with solid dithionite. Knsyme (0.037 
aM) In 70 sN KPi buffer, pH 7.8, with 5 wH DTT, and 60X 
(v/v) ethylene glycol. Conditions: Microwave power, 1 aM;
Modulation amplitude, 0.63 nT; microwave frequency, 9.00 
GHs; temperatures, as indicated. Multiplication factors 
indicate relative gains.
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spectrum of the sample reduaed with solid dithionite at 
20 K exhibits mainly the features from signal A (Tig. 5-8). 
However, spin Quantitation of signal A at 20 K and 1 mW 
microwave power now yields 3.24 spins/molecule, 
corroborating the initial assumption that the sample 
treated with 20-fold excess of dithionite was only 
partially reduced.
In order to obtain a better understanding of the 
different stages of reduction in CO dehydrogenase, a 
titration with dithionite was performed using "as 
isolated" sample that was already partially reduced, sample 
V. Aliquots of ensyme were treated with 25-, 50-, 75-, and 
100-fold excess of dithionite, and the EPR spectra of each 
sample at approximately 14 and 71 K are shown in Fig. 5-9. 
As mentioned above, the "as isolated" ensyme already 
exhibited signals A and C (g = 2.01, 1.81, 1.65) at 14 K,
whereas at 71 K, it only showed a weak broad feature 
arising from signal A. With Increasing reduction, signal C 
is no longer detected at low temperature. Instead, signal B 
starts to develop, and in addition, a very weak feature 
arising from signal D starts to become apparent. The 
intensities of signals C and D appear to increase with 
further reduction, as can be inferred from the KPR spectra 
in Fig. 5-9. In addition to the above mentioned signals, 
another RPR signal in the low field region, at around 
g = 5.4 was observed in all the dithionlte-reduced samples. 
Spin quantitations of the individual species present in 00 
dehydrogenase were assessed using the isolated absorption
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Figure 5-9. BFR epeotre of L. tharaoaoetlcun 00
dehydrogenase at different stages of reduction with
dithionite. (a) "as Isolated" ensyae, slightly reduced; (b)
with 25-fold excess (c) with 50-fold excess; (d) with 75-
fold excess; (e) with 100-fold excess of dithionite. Insyne 
(0.037 aM) in 50 aM Tris/BCl buffer, pB 7.6, with 2 aM DTT, 
and 50% (v/v) ethylene glycol. Conditions: Microwave power, 
1 nW; aodulation aaplitude, 0.63 aT; aicrowave frequency, 
8.99 OHs; tenperaturea, 14 K (left), 71 K (right).
Multiplication factors indicate relative gains.
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peaks at g = 1.65 for signal C, and g = 1.75 for signal B 
(24), and the complete spectrum under non-saturating 
conditions for signals A and D. The results are tabulated 
in Table 5-2. The spin quantitations for signal A at 20 EC 
and 1 mW microwave power consistently yielded between 3 and
4 spins/molecule in more reduced samples. Since 
quantitation under these conditions includes a minor 
contribution from power saturated signal D, it seems 
reasonable to conclude that signal A corresponds to three
5 = 1/2, [4Fe-4S31+ centers, one per dimeric unit. It is
noteworthy that the spin quantitations of signals B and C 
are surprisingly low (< 1 spin/molecule) considering the 
non-heme Fe content of the enzyme. The presence of the low 
field EPR signal may account for the low spin quantitation 
of these S = 1/2 signals. It is possible that the Fe-S
center that is responsible for signals B and C can exist
with S = 1/2 or S = 3/2 ground states. Precedent for such 
behavior comes from the [4Fe-4S31+ center in nitrogenase 
Fe-protein (22,23). Quantitation of the S = 3/2 signal at 
g = 5.4 must await determination of the zero field
splitting parameters.
The room temperature DV-visible absorption spectrum of 
the partially reduced enzyme treated with 20-fold excess of 
dithionite is featureless and shows a decrease in the 
absorption at 400 nm, probably due to the reduction of the 
centers (Fig. 5-10). The low temperature MCD speotra at 
1.49, 4.22, 8.B, and 43 K, and 4.5 T show bands throughout
the visible region, suggesting that they arise from Fe-S
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TABLE 5 - 2
EPR SPIN QUANTITATIONS OF CLOSTRIDIUM THERMOACETICUM CARBON 
MONOXIDE DEHYDROGENASE REDUCED WITH DITHIONITE
SAMPLE SIGNAL QUANTIFIED SPINS/MOLECULE*
As isolated Complete spectrum^ 1.40 * 0.14
A*> 1.34 * 0.14
Be n.o.
01 0.91 * 0.10
D* n.o.
25-fold excess Complete spectrum* 2.43 a 0.25
Ab 2.64 a 0.27
Bo 0.56 * 0.05
0* n.o.
D* 0.10 * 0.01
50-fold excess Complete spectrum* 3.20 * 0.32
Ab 3.62 a 0.37
B° 0.65 * 0.09
d  n.o.
D* 0.16 * 0.02
75-fold excess Complete spectrum* 3.64 * 0.37
Ab 3.67 * 0.37
B* 0.71 * 0.08
01 n.o.
D* 0.20 * 0.02
100-fold excess Complete spectrum* 3.05 * 0.31
Ab 3.56 *0.36
Be 0.84 * 0.09
Oi n.o.
D* 0.24 *0.03
* Values per molecule of enzyme, MW = 440000
* Spin quantitation of complete spectrum at 14 K and 1
mW vs. MetMbCN. Signals A and D partially saturated at 
these conditions
b Spin quantitation of signal A (g = 2.04,1.96,1.90) at
20 K and 1 mW vs. MetMbCN. May include some signal D.
° Spin quantitation of signal B (g = 1.97,1.88,1.75)
based on g = 1.75 resonance at 10 K and 1 nW vs.
MetMbCN standard.
1 Spin quantitation of signal C (g = 2.01,1.61,1.65)
based on g = 1.65 resonance at 10 K and 1 mW vs.
MetMbCN standard.
* Spin quantitation of signal D (g = 2.06,2.03) at 71 K
and 1 mW vs. CuEDTA standard.
n.o. not observed.
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Figure 6-10. Eooi t— aritttra UT-risible absorption and 
low teaperature MCD iptotrt of fiL themcaoetloun 00 
dehydrogenase partially reduoed with dithionite. Ensyae
(0.037 aM) in 70 KPi buffer, pB 7.8, with 5 aN DTT and 
60X (v/v) ethylene glycol. Conditions for MCD spectra:
Magnetic field, 4.6 T; pathlength, 0.17 on; teaperaturea, 
1.49, 4.22, 8.8, and 43 K (intensity of transitions
increasing with decreasing teaperature).
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centers (Fig. 5-10). Positive bands are observed at 750, 
556, 500, 480, 420, and 366 na, whereas negative bands are
apparent at 660, 330, and 310 nn. The f o m  of the spectra
sonewhat resemble those of reduced [4Fe-4S]1+ centers, 
except that they do not show a pronounced negative band 
between 600 and 700 nn (25). Another interesting 
observation is that the HCD speotra of the oxidised and 
partially reduced enzyme do not differ greatly (Fig. 5-11), 
raising the Question of whether the paramagnetic species 
that is observed in the MCD of the oxidised ensyme is still 
present in the dithionite-reduced enzyme studied in this 
work. Thus, in order to obtain the MCD spectrum of the 
species that gives rise to the KPR signals observed upon 
partial reduction with dithionite, the spectrum of the 
oxidised ensyme was subtracted from that of the reduced 
(Fig. 5-11). Now, the form of the spectrum closely 
resembles that arising from reduced S = 1/2 [4Fe-4S]*+
centers. Based on the Intensity of the bands at wavelengths 
above 400 nm, the MCD spectrum suggests the presence of no 
more than two such centers, in good agreement with the KFB 
spin Quantitation for signal A in this sample (1.34 
spins/molecule). The MCD, therefore confirms that signal A 
corresponds to [4Fe-4S]i+ centers. The low temperature MCD 
spectrum of the sample reduced with solid dithionite (data 
not shown) did not show appreciable differences with that 
of the partially reduced sample. The intensity of the MCD 
spectrum showed a slight increase, but no new features were 
apparent in the spectrum. Similar results were observed for
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Figure 5-11. Low t w p o n t u n  HCD speotra of oxidised sad 
dithionite- reduced Cj. thereaaoetlouw 00 dehydrogenase 
(upper panel). Difference spectruw (lower panel). 
Teeperature, 1.5 K; wagnetic field, 4.5 T.
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sanple V reduced with 100-fold excess of dithionite. High 
quality Magnetization data were only obtained for the 
dithionite-reduced Banple that was partially reduced. The 
data recorded at 750, 556 and 366 nn are shown in Fig.
5-12. Whereas the plot at 750 nn shows only very slight 
nesting and is steeper than the theoretical plot for an 
S = 1/2 systen with g-values close to 2, that at 556 nn is 
also very slightly nested but the curve deviates only 
slightly fron the theoretical for an S = 1/2 ground state 
with gi■o = 1.94, corresponding to a reduced [4Fe-4S]1+ 
center. The nagnetisation data at 366 nn show appreciable 
nesting, again suggesting the presence of themally 
populated Zeenan sublevels arising fron an 8 > 1/2 ground 
state. Conparison with nagnetisation data observed for the 
oxidised ensyne (Fig. 5-6) confine that the partially 
reduced ensyne is a conposite of signals due to 8 = 1/2
[4Fe-4S]i+ centers and the EPR silent paranagnetic cluster 
that is observed in the oxidized ensyne.
5 . 2 . 3 . G w s m m m  la g BHOAgmOTE carbon  monoxide
DEHYDROGENASE TREATED WITH CO
Several different sanples of (L thernoacetlcun CO 
dehydrogenase were treated with CO in this investigation. 
These include the oxidised ensyne in the presence and 
absence of ooensyne A (a substrate for CO dehydrogenase), 
an oxidised ensyne aanple previously treated with FMN, and 
a dithionite-reduced ensyne.
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Figure 5-12. MCD m agnetisation p lo ts  fo r  la. tharaoiofltioiM  
00 dehydrogenise p a r t ia l ly  reduoed w ith  d ith io n ite .  
Temperatures: ( •  ), 1.49 K; ( X ) , 4.22 K; ( A ) .  8.8 K.
Wavelengths, as ind ica ted ; magnetic f ie ld s  between 0 and 
4 .5  T. So lid  l in e  rep resen ts  th e o re tic a l  m agnetisation 
curve fo r  gtao = 1.94.
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EPR speo tra  fo r  th e  saep le  tre a te d  w ith CO In  the  
absence of CoA over th e  tem perature range 9-100 K are  shown 
in  Fig. 5-13. The speo tra  a re  s im ila r  to  those observed fo r  
th e  fu l ly  d ith ion ite -reduced  samples (o f. F ig . 5 -8 ), in  
th a t  s ig n a ls  A, B, and D a re  observed. However, th e  sp ec tra  
d i f f e r  from those of th e  d ith io n ite -red u ced  samples in  
terms of th e  r e la t iv e  In te n s ity  of th e  s ig n a ls . As 
evidenced by the  sp in  q u an tita tio n  da ta  given in  Table 5-3, 
s ig n a l D i s  much stronger (approximately 4 -fo ld ) in  th e  
sample tre a te d  w ith CO as opposed to  d i th io n ite  alone. Very 
s im ila r spec tra  a re  observed fo r  samples tre a te d  with CO 
a f te r  pretreatm ent w ith  CoA o r FMN (Fig. 5-14). In  co n tra s t 
to  th a t  previously  reported  (7 ), no experimental 
d iffe ren ces were observed in  th e  l in e  shape o f s ig n a l D 
when ensyme in  the  presence and absence o f CoA was exposed 
to  CO (Fig. 5-14). Both ensyme samples showed, in  add ition  
to  the  main resonances c h a ra c te r is t ic  o f s ig n a l D (g =
2.08, 2 .03), a sm all resonance a t  g = 2.05. The sp in
q u an tita tio n s  fo r  s ig n a l D in  ensyne samples w ith and 
w ithout CoA are  th e  same w ith in  experim ental e r ro r . 
S im ilarly , th e  combined spin  q u a n tita tio n s  of s ig n a ls  A and 
B as assessed by in te g ra tio n s  performed a t  14 K and 1 mW 
are unchanged and approximately th e  same as those  obtained 
under s im ila r conditions fo r  ensyne fu l ly  reduced w ith 
d ith io n ite  (c f . Tables 5-2 and 5 -3 ). Oxidised ensyme 
tre a te d  w ith FMN p r io r  to  the  exposure to  00 y ielded  
s l ig h tly  h igher sp in  q u a n tita tio n s  fo r  s ig n a ls  A and B 
than ensyme samples no t tre a te d  w ith  FMN. The spin
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TABLE 5 - 3
EPR 8PIN QUANTITATIONS OF CLOSTRIDIUM THERMOACETICUM CARBON 
MONOXIDE DEHYDROGENASE TREATED WITH CO
SAMPLE SISHAJ. SBABIiniP SPINS/MOLECULE*
As iso la te d  w ithout CoA Complete spectrum* 3.29 <*0.33
Db 0.90 * 0.09
As iso la te d  w ith  CoA Total* 3.11 * 0.32
Db 0.94 * 0.10
As iso la te d  w ith FMN Complete spectrum? 3.95 * 0.40
D» 1.21 * 0.13
i
D ith ionite-reduced  Total* 3.72 * 0.38
D» 0.40 * 0.04
* Values per molecule of ensyme, MW = 440000
* Spin q u a n tita tio n  of complete spectrum a t  14 K and 1
mW vs. MetMbCN standard . S ignals A and D sa tu ra ted  a t  
these  cond itions.
b Spin q u a n tita tio n  o f s ig n a l D (g = 2 .08 ,2 .03) a t  71 K
and 1 mW vs. CuEDTA standard.
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Figure 5-13. KFS speo tra  o f fl* thagnoaoetloun 00 
dehydrogenase exposed to  00. Ensyne (0.039 eM) in  70 eM KPi 
b u ffe r , pH 7 .8 , w ith 5 eM DTT, end 50% (v /v ) ethylene 
g lyco l. Conditions: Microwave power, 1 aM; Modulation
am plitude, 0.63 nT; nlcrowave frequency, 8.99 GHz; 
tem peratures, as ind ica ted . M u ltip lica tion  fa c to rs  in d ica te  
r e la t iv e  gains.
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Figure 5-14. KFK Rpeotri of SL. t»MMF—>»aa tio u a  00 
dehydrogenase exposed to 00. (a) Oxidised ensyae w ith 10 nM 
FMN added; (b) Oxidised ensyae w ithout CoA added; (o) 
Oxidised ensyae w ith 10 aM CoA added. Conditions: Microwave 
power, 1 aV; aodulation  anp litude , 0 .63 aT; aiorowave 
frequency, 9.00 GBs; tem peratures, as ind ica ted . 
M u ltip lica tio n  fa c to rs  in d ica te  r e la t iv e  gains.
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q u an tita tio n  fo r  s ig n a l D in  th i s  sample, 1.21 
sp in s/n o lecu le , was th e  h ighest observed in  th i s  work. The 
d ith ion ite-reduoed  ensyme sample th a t  was tre a te d  with 00 
showed no s ig n if ic a n t  increase  in  s ig n a ls  A and B, and a 
sm all increase  in  s ig n a l D. However, th e  maximum obtainable 
in te n s ity  of s ig n a l D was le s s  than h a lf  of th a t  obtained 
by treatm ent w ith CO in  th e  absence of d i th io n ite .
I t  i s  noteworthy th a t  a s l ig h t  d iffe ren ce  i s  observed 
in  th e  form of s ig n a l D when i t  i s  obtained by reduction of 
th e  ensyme w ith d i th io n ite  alone (Fig. 5-9) o r when i t  i s  
obtained upon exposure of the  ensyme to  CO (Fig. 5-13). 
When s ig n a l D i s  obtained by reduction w ith d i th io n ite , the  
KPR sig n a l appears to  be completely a x ia l , s im ila r  to  th a t  
previously  reported  fo r  ensyme in  th e  presence of CoA (7 ). 
In  c o n tra s t, when th e  EPR s ig n a l i s  obtained by exposure 
of th e  ensyae to  00, th e  weak fea tu re  a t  g = 2.05 i s  always 
observed. The o rig in  of th i s  fe a tu re  and i t s  re la tio n  to  
th e  treatm ent of the  ensyme i s  no t known a t  p resen t.
Since l ig h t  i s  known to  a f fe c t  some of Idle s ig n a ls  
a r is in g  from Hi in  hydrogenase, i t s  e f fe c t  on s ig n a l D was 
a lso  stud ied . However, un like  th a t  observed in  
hydrogenases, exposure to  l ig h t  does no t cause any change 
in  s ig n a l D obtained by CO treatm ent of CO dehydrogenase.
The room tem perature UV-visible spectrum of the  
oxidised ensyme tre a te d  w ith CO shows a decrease in  the  
absorption a t  400 nm (F ig . 5-15), s im ila r to  th a t  observed 
on d ith io n ite  reduction . This supports th e  f a c t  th a t  00 
binds to  th e  ensyme causing reduction  of Fe-B cen te rs . The
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low tenpera tu re  HCD sp ec tra  of th e  corresponding sample 
between 1.56 and 92 K, and 4 .5  T, show very in tense  and 
tem perature dependent t r a n s i t io n s ,  w ith p o s itiv e  bands a t  
740, 540, 460, 420, and 365 nm, and negative bands a t  650,
336, and 310 nm (Fig. 5-15). No ad d itio n a l t r a n s i t io n s  are  
observed in  th e  region 600-1000 nm. The sp ec tra  a re  very 
s im ila r  to  those a r is in g  from fu l ly  d ith ion ite -reduced  
enzyme samples. Considering th a t  both sp ec tra  a r is e  from 
samples in  which th e  metal cen te rs  p resen t in  th e  enzyme 
a re  reduced, and th a t  possib ly  th e  KPR s i le n t  species 
p resen t in  th e  "as iso la ted "  enzyme i s  a lso  p resen t in  the  
CO-treated enzyme, th e  MOD spectrum of th e  "as iso la ted "  
enzyme was sub trac ted  from th a t  of th e  CO-treated enzyme 
(Fig. 5-16). As expected, the  d iffe ren ce  spectrum e x h ib its  
a c lo se r  resemblance to  th a t  a r is in g  from a reduced
[4Fe-4S]i+ cen te r, and accounts fo r  between th re e  and f iv e  
such c lu s te rs .
No appreciable d iffe ren ces  were observed in  th e  MCD 
spec tra  of th e  d if fe re n t  enzyme samples tre a te d  w ith CO,
i . e . . th e  enzyme w ithout Co A, w ith Co A, and VMN tre a te d  
(Fig. 5-17), as could be expected from th e  small
d iffe ren ces  observed in  th e  KPR sp ec tra  of th e  d if fe re n t
samples. M agnetization p lo ts  of th e  CO tre a te d  enzymes a t  
740, 540, and 365 nm a f te r  co rrec tio n  fo r  diamagnetism when 
requ ired , show very s l ig h t  n estin g  (F ig. 5-18). The p lo ts  
cannot be adequately sim ulated w ith th e  th e o re tic a l  curve 
fo r  an S = 1/2 ground s ta te  system. At a l l  th re e
307
600 
400 
'c 200 
0 
200 
-400 
-600 
-800
i
3w
<.
H400
-300
A
I.
-100 
- 0
300 400 500 600
X/nm
700 600
Figure 5-16. Boo* teap e ra tu re  absorption and low 
teap e ra tu re  HCD sp ec tra  of CL t lB H M f lr t iM  00 
dehydrogenase exposed to  00. Bnsyne (0.039 nM) in  70 nM KPi 
b u ffe r t pH 7 .8 , w ith 5 aM DTT and SOX (v /v ) ethylene 
g lyool. Conditions fo r  HCD sp ec tra : Magnetic f ie ld ,  4 .5 T; 
path leng th , 0.17 on; teap e ra tu re s , 1.56, 4.22, 8 .4 , and
19.2 K ( in te n s ity  of t r a n s i t io n s  increasing  w ith decreasing 
te a p e ra tu re ) .
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Figure 5-16. Law teap e ra tu re  MOD sp ec tra  o f (L  
thaimoaoetloum 00 dehydrogenase exposed to  00 sad "as 
iso la ted "  (upper p an e l) . D ifference speo tnai (lower panel). 
Teaperature, 1 .5 K; magnetic f ie ld ,  4 .5  T.
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Figure 5-17. Low tew pereture HCD sp ec tre  o f p. 
theiwoaoatlouw 00 dehpdrogenase exposed to  00. (a) Oxidised 
enspme w ithout CoA added; (b) Oxidised enspne w ith 10 sM 
CoA added; (c) Oxidised enspee w ith 10 eH VMN added. 
Conditions: Magnetic fie ld*  4 .5  T; path leng ths, 0.17 cw;
tew peratures, (a) 1.56 K; (b) 1.57 K; (c) 1.55 K.
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Figure 5-18. HCD m agnetisation p lo ts  fo r  (L  thermoaostlcnn 
00 dehpdrogenase exposed to  00. Temperatures: ( • > ,  1.56 K; 
(x ) , 4.22 K; ( A) .  8.4 K. Wavelengths, as ind ica ted ;
magnetic f ie ld s ,  between 0 and 4 .6  T. Solid  l in e  rep resen ts  
th e o re tic a l  m agnetisation curve fo r  g tio  = 1.94.
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wavelengths con trib u tio n  f ro s  an S > 1/2 paramagnet in
add ition  to  th a t  of th e  8 = 1/2 Fe-S cen te rs  i s  apparent. 
The ex ten t of th e  dev ia tion  from th e o re tic a l  S = 1/2 curves 
a t  d if fe re n t  wavelengths i s  co n s is ten t w ith the  8 > 1/2
species being th e  sane th a t  i s  observed in  th e  oxidised 
ensyme (c f . F ig. 5 -6 ).
5 .2 .4  CLOSTRIDIUM THERMOACETICOM CARBON MONOXIDE 
DEHYDROGENASE TREATED WITH AIR
The KPR spectrum of oxidised SL_ thermoaceticun CO 
dehydrogenase exposed to  a i r  ex h ib its  an almost iso tro p ic  
s igna l centered  around g = 2.01 (Fig. 5-18). A s im ila r  
s ig n a l i s  observed when d ith ion ite -reduced  ensyme i s  
exposed to  a i r .  Spin q u an tita tio n s  under non-sa tu ra ting  
cond itions, 30 K and 1 mW microwave power reveal th i s  to  be 
a minor species accounting fo r  only 0.06 -  0.06
spins/m olecule. The form of th e  KPR spectrum, as w ell as 
th e  low sp in  q u an tita tio n  obtained fo r  th e  s ig n a l, suggests 
p a r t ia l  breakdown of te tra n u c le a r  to  tr in u c le a r  c lu s te rs  
upon aerobic ox idation .
The low tem perature MCD sp ec tra  a t  1.60, 4.22, and
8.9 K, and 4 .5  T (Fig. 5-20) ex h ib it t r a n s i t io n s  th a t  a re  
very s im ila r  to  those from th e  oxidised ensyme, except fo r  
the  presence of a broad underlying p o s itiv e ly  signed 
diamagnetic s ig n a l of unknown o rig in  th a t  increases to  
h igher energy. C learly  th e  m ajority  o f th e  EFR-silent, 
8 > 1/2 Fe-S cen te rs  th a t  a re  p resen t in  th e  "as iso la ted "
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Figure 5-19. KPR spectra of “mm  isolated** £L. 
theraoaoatioua 00 dehydrogenase exposed to sir. Knzyae 
(0.030 rtf) in  50 eM Trie/HCl b u ffe r, pH 7 .6 , w ith 2 sN DTT 
and 60% (v /v) ethylene g lyool. Conditions: Hiorowave power, 
1 aW; nodulatlon anp litude , 0.63 nT; nicrowave frequency, 
9.00 GHz; teap e ra tu re , 19 K.
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Figure 5-20. Low tem perature HCD sp ec tra  o f "as iso la ted "  
thaM ftioa t lc m  00 dehydrogenase exposed to  a i r .  Knsyme
(0.039 aM) in  70 aM KPi b u ffe r , pH 7 .8 , w ith 10 aM CoA , 5 
aM DTT, and 50% (v/v) e thylene g ly co l. C onditions: Magnetic 
f ie ld ,  4 .5  T; path leng th , 0.18 on; tem peratures, 1.60, 
4.22, 8 .9  K ( in te n s ity  o f t r a n s i t io n s  increasing  w ith
decreasing te ap e ra tu re ) .
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enzyme a re  no t a ffec ted  by exposure to  a i r .
5.3 DISCUSSION
Rather than reso lv ing  th e  na tu re  of the  redox 
p ro p e rtie s  of th e  c o n s titu e n t a e ta l  cen te rs  in  C. 
thermoao^tr1 CO dehydrogenase, th e  r e s u l ts  presented  here 
serve to  i l l u s t r a t e  th e  complexity o f th e  problem and the  
oversim p lifica tio n  of th e  previously  reported  EFR analyses 
(8 ,13 ,18 ,19).
As i s  the  case in  Fe-only hydrogenases, low 
teap e ra tu re  HCD spectroscopy in d ic a te s  th e  presence o f a 
paramagnetic species in  "as iso la ted "  thermoaceticum CO 
dehydrogenase, th a t  i s  e s s e n tia l ly  KPR s i l e n t .  The fa c t  
th a t  t ra n s i t io n s  a re  observed throughout th e  v is ib le  region 
suggests th a t  th e  spec ies i s  probably an Fe-S cen te r. 
However, th e  form of th e  sp ec tra  i s  d if fe re n t  from those 
a r is in g  from conventional Fe-S ce n te rs , again suggesting 
th e  presence o f a novel Fe-S c lu s te r  in  CO dehydrogenase. 
The m agnetization d a ta  o f the  enzyme in  a l l  th e  s ta te s  
s tud ied  in  th i s  work seem to  in d ica te  th a t  th i s  novel 
cen te r i s  p resen t in  a l l  redox s ta te s  in v estig a ted . The 
nature of th i s  novel paramagnetic c lu s te r  cannot be 
d e f in ite ly  determined from th i s  work. However, based on th e  
above d a ta , two main p o s s ib i l i t ie s  can be considered: 
F i r s t ,  i t  may correspond to  reduced, paramagnetic 
[4Fe-4S]*+ c lu s te rs  w ith  an S = 3/2 ground s ta te .
M agnetisation da ta  of th e  enzyme in  th e  "as iso la ted "  s ta te
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could be adequately sim ulated w ith  th e  th e o re tic a l  data  
a r is in g  from such ground s ta te .  I t  i s  noteworthy th a t  a l l  
th e  "as iso la ted "  ensyme samples stud ied  in  th i s  work 
showed some degree of reduction . Second, i t  may correspond 
to  a  novel Fe-Mi-S c lu s te r ,  e .g . [FesNiSO w ith  S > 1/2
ground s ta te  (possib ly  S = 3 /2 ) . Future experiments a re  
required  in  o rder to  decide whether o r no t e i th e r  of th ese  
a l te rn a tiv e s  i s  c o rre c t. The presence of any low f ie ld  EFR 
signa l in d ic a tiv e  of S > 1/2 ground s ta te  needs to  be 
determined in  "as iso la te d "  ensyme samples th a t  a re  
e s s e n tia l ly  EFR s i l e n t .  In  ad d itio n , re c o lle c tio n  of HCD 
spec tra  of samples from which DTT has been removed, would 
c la r i f y  i f  th e  paramagnetic species observed by HCD in  th e  
"as iso la ted "  ensyme a r is e s  from p a r t i a l  reduction  
re su lta n t  from th e  is o la tio n  procedure.
EFR s tu d ie s  o f reduced CO dehydrogenase in d ic a te  the  
presence of fou r d i s t in c t  S = 1/2 s ig n a ls , A, B, C, and D, 
one of which (s ig n a l C) has no t been id e n tif ie d  prev iously . 
The most l ik e ly  o r ig in  fo r  s ig n a l A i s  a reduced, 8 = 1/2, 
[4Fe-4S]*+ ce n te r. The p o s itio n  and l in e  shape o f th e  
s ig n a l agree w ith th i s  assignment although, as mentioned 
p rev iously , th e  species re lax es  appreciably  slower than 
s im ila r cen te rs  p resen t in  b a c te r ia l  fe rredox in s. According 
to  th e  EFR q u a n tita tio n s , th re e  such cen te rs  a re  p resen t 
per molecule of ensyme, one p e r dim eric u n i t .  The form and 
in te n s ity  o f th e  HCD sp ec tra  confirm th e  assignment of 
th i s  cen te r as a  reduced [4Fe-4S] cen te r. Redox t i t r a t io n s
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monitored by IFR in d ica te  th a t  th e  species responsib le fo r  
s ig n a l C has th e  h ighest Midpoint redox p o te n tia l of th e  
reducib le  cen te rs . This s ig n a l was p re sen t, a lb e i t  w ith 
very low in te n s ity  in  th e  Most oxidised samples 
in v estig a ted . The assumption th a t  th i s  s ig n a l a r is e s  from a 
reduced species i s  based on th e  f a c t  th a t  i t s  r e la t iv e  
in te n s ity  seems to  increase  upon p a r t ia l  reduction  with 
d ith io n ite . However, upon add ition  of la rg e r  excesses of 
d i th io n ite , th e  s ig n a l i s  no longer observed. Instead , 
sig n a l B becomes apparent, leading to  th e  suggestion th a t  
upon fu r th e r  reduction , KPR signal C i s  converted to  signal 
B. Since th e  g-values and re lax a tio n  p ro p e rtie s  of s ig n a ls  
B and C are  not very d if fe re n t ,  i t  seems reasonable to  
assume th a t  both s ig n a ls  a r is e  from th e  same paramagnetic 
species in  which a conformational change i s  induced upon 
reduction . The lack  of d iffe ren ces in  th e  low teap e ra tu re  
MCD sp ec tra  upon changes in  th e  EFR sig n a l tends to  support 
th i s  hypothesis. The re lax a tio n  p ro p e rtie s  of th e  KPR 
sig n a l and the  fo ra  of th e  MCD sp ec tra  suggest th a t  the  
o rig in a tin g  species i s  a  reduced, 8 = 1/2, [4Fe-4S]**
cen te r. However, th e  very unusual g-values in d ica te  
s tru c tu ra l  d iffe ren ces  w ith conventional 4-Fe cen te rs . A 
possib le  ra tio n a le  fo r  the  very low sp in  q u an tita tio n s  
obtained fo r  s ig n a ls  B and C, in d iv id u a lly  (each < 1
spin/m olecule) i s  th a t  th e  [4Fe-4S]i+ cen te rs  responsib le 
fo r  these  s ig n a ls  e x is t  in  an equilibrium  between the  
8 = 1/2 and 8 = 3/2 ground s ta te s ,  as can be in fe rred  from 
th e  presence of th e  EFR sig n a l in  th e  low f ie ld  region when
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e i th e r  s ig n a l B o r C a re  a lso  p resen t. I t  i s  noteworthy 
th a t  th e  sp in  q u an tita tio n s  obtained in  th i s  work fo r  
reduced [4Fe-4S] c lu s te rs  a re  lower than those reported  in  
the  l i te r a tu r e  fo r  A and B s ig n a ls  combined (5 .4  
spins/w oleoule) (13). Maximally 4 .4  spins/m olecule can be 
obtained from th e  re s u l ts  presented here by adding th e  
ind iv idua l q u a n tita tio n s  fo r  s ig n a ls  A and B. The reason 
fo r  t h i s  discrepancy i s  no t understood a t  p re sen t. However, 
in  n e ith e r  instance does th e  S = 1/2 EFR sp in  q u an tita tio n  
account fo r  th e  e n t ire  non-hewe Fe content o f th e  ensyme.
Based on iso to p io  s u b s titu tio n  experim ents, s ig n a l D 
has been shown to  be assoc ia ted  w ith  an Fe-Ni-00 cen te r 
(13,18). However, th e  p resen t work ra is e s  th e  question as 
to  whether o r not 00 i s  ob liga to ry  fo r  th e  observation of 
th i s  s ig n a l, s ince  i t  was a lso  detec ted  in  th e  absence of
00, on reduction  of th e  ensyme by d i th io n ite  alone. A
te n ta t iv e  explanation  fo r  t h i s  behavior i s  th a t  an 
oxidation  product of d i th io n ite  provides a  S-oontaining 
ligand th a t  binds to  th e  metal cen te r in  a s im ila r  way to
00. This would explain  th e  increase  in  s ig n a l D as a
function  o f s to ich iom etric  excess o f d ith io n ite . 
Experiments using photochemical reduction  a re  required  to  
fu r th e r  address th i s  aspec t. The sp in  q u a n tita tio n s  fo r  EFR 
sig n a l D obtained in  th i s  work (maximally 1.2 
spins/m olecule) a re  again lower than those previously  
reported  (3 spins/m olecule) (18). Moreover, th e  changes in  
s ig n a l D reported  to  a r is e  from th e  presence o r absence of
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CoA (8,18) oould not be reproduced in this work. The 
reasons for these discrepancies are not understood at the 
present tine. Comparison of the HCD spectra obtained for 
the CO-treated and dithionite-reduced ensyme samples, for 
which the major difference is the EFR quantitation of 
signal D, does not permit the assignment of any transition 
that can be uniquely attributed to this novel KPR signal.
In summary, combined low temperature HCD and EFR 
spectroscopies suggest that the Mi center present in C. 
thermoacqtfjiffVI^ CO dehydrogenase is not a monomeric center 
similar to that found in hydrogenases. Hore likely it is 
part of an Fe-Ni-S cluster that constitutes the GO-binding 
site. Certainly the HCD and EFR data reported here attest 
to the presence of novel Fe-S clusters with ground 
state spin S > 1/2, in addition to more conventional 
[4Fe-4S]i+»*+ centers. Further elucidation of the nature of 
these novel centers using techniques such as Mttssbauer and 
ENDOR spectroscopies should prove very informative.
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6.0 CONCLUSIONS
Low teaperature Magnetic circular dichroisa and
electron paraaagnetic resonance studies have provided
insight as to the nature of the constituent aetal centers
in the hydrogenases from ■py-
Methanohantwr| theraoantnt.)rftp^  r»n^  - and Desulfovibrio
gigaa. and in the carbon aonoxide dehydrogenase froa 
Cl nutiH nm t h e r n^iw
The results reported here provide further support for 
the presence of conventional [4Fe-4S]>+.*+ clusters in C. 
pasteurianua bidirectional hydrogenase t although a higher 
content of such clusters than that currently reported is 
suggested. In addition, unequivocal evidence that a HIPIP- 
type [4Fe-4S] cluster is not present in the ensyme is 
provided. Rather it is demonstrated that the ensyme 
contains a novel cluster in the sense that its magnetic 
and electronic properties are quite distinct froa those of 
Fe-S clusters that have been characterised thus far. It is 
proposed that the novel EFR signal that is associated with 
the thionine-oxidised ensyme arises as a result of exchange 
coupling between this novel Fe-S center (S > 1/2 ground
state, being S most likely integer) and an S = 1/2 species 
that could be a low-spin Fe(III) center with predominantly 
N or 0 coordination. Based on spectroscopic studies of the 
ensyae in the presence of the competitive inhibitor CO, it 
is suggested that this monomeric Fe center constitutes the 
hydrogen binding site of the ensyme.
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It was anticipated that the lower Fe content of the 
uptake hydrogenase from nasteurianum would facilitate 
spectroscopic characterisation of the nature of the Ha - 
activating site of Fe-only hydrogenases. However, detailed 
spectroscopic studies revealed hitherto unreported 
heterogeneity in the constituent Fe-S centers which 
complicates analysis of data. In addition to two EFR 
distinguishable ferredoxin-type [4Fe-4S] clusters, studies 
of the oxidized ensyme gave evidence for a novel EFR-silent 
Fe-S cluster with magnetic properties similar to those 
observed in the bidirectional ensyme. While it seems 
probable that the rhombic EFR signal in the oxidized enzyme 
originates from a similar type of exchange interaction as 
that discussed above for the bidirectional hydrogenase, the 
electronic properties of the novel S > 1/2 Fe-S cluster 
reveal that it is not identical to that observed in other 
Fe-only hydrogenases. This difference in the nature of the 
active site is supported by comparison of the effects of 
the competitive inhibitor 00 on the HCD characteristics of 
the novel EFR-silent Fe-S cluster.
Combined low temperature MCD and EPR spectroscopies 
proved to be uniquely capable of selectively investigating 
the nature of the Fe-S and Ni centers in Mi-containing 
hydrogenases. The results reported here for H. 
themoa«+-o+.yr>pii^  m m  hydrogenase constitute the first 
assignment of the electronic transitions arising from low- 
spin Ni(III) in a biological environment. The MCD results 
for the above ensyme indicate that ferredoxin-type [4Fe-4S]
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clusters are indeed constituents of the hydrogenase, even 
though they are not apparent by EFR spectroscopy.
The results obtained for L. gjgas hydrogenase provide 
the best example of how the information obtained by EFR and 
low teaperature MCD is mutually complementary. Low 
temperature MCD proves to be particularly informative 
concerning the types of Fe-S centers that are present and 
their redox states during reductive activation. In
contrast, EFR studies furnish detailed information 
concerning the redox properties of the Mi center during the 
activation cycle. The presence of one [3Fe-xS] cluster in 
the enzyme is clearly demonstrated, as well as that of 
conventional [4Fe-4S] clusters. The results suggest the 
existence of spin-coupling in the reduced state of the
enzyme between the Ni center and one or more of the Fe-S 
clusters, probably one of the [4Fe-4S] clusters. The low 
temperature photolytic behavior of the Mi center in D. 
gjgas hydrogenase suggests this metal to be the hydrogen 
binding site of Mi-containing hydrogenases. A working model 
of the activation mechanism is proposed, involving a 
Ni(III) hydride complex as an intermediate. At low 
temperatures, it is suggested that the Ni-H bond can be
photolytically cleaved resulting in a Ni(I) species and a 
proton. Recombination readily occurs at temperatures above 
120 K.
Studies performed on Mi-substituted IL. gjgas
rubredoxin indicate a very distorted tetrahedral
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environment for Ni(II) in a S rich coordination ligand 
field. Low teaperature MCD data provide evidence for a 
diamagnetic ground state with a low lying Paranagnetic 
excited state within 40 to 80 car* of the ground state.
Low teaperature MCD and EFR spectroscopies suggest the 
presence of yet another new type of Fe-S cluster in C. 
theraoaceticua 00 dehydrogenase. It has been deaonstrated 
that this novel cluster has S > 1/2 ground state in the 
oxidised fora of the ensyae. This novel cluster aay 
correspond to a reduced [4Fe-4S3 cluster with S = 3/2
ground state, or to a aixed Fe-Ni-S cluster, since it is 
shown that the Ni center present in the ensyme is not a 
monomeric center similar to that found in hydrogenases. MCD 
studies show the presence of multiple [4Fe-4S] centers in 
the reduced ensyae, however, EFR data reveal that they are 
not all of conventional ferredoxin-type. Elucidation of the 
structural attributes responsible for the unusual EFR 
spectra must await results from other spectroscopic 
techniques such as ENDOR and Mossbauer.
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